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GENERAL INTRODUCTION 


American Chemical Society Series of 
Scientific and Technologic Monographs 

By arrangement with the Interallied Conference of Pure and Applied 
Chemistry, which met in London and Brussels in July, 1019, the American 
Chemical Society was to undertake the production and publication of 
Scientific and Technologic Monographs on chemical subjects. At the 
same time it was agreed that the National Research Council, in coopera* 
tion with the Amencon Chemical Society and the American Physical 
Society, should undertake the production and publication of Critical 
Tables of Chemical and Physical Constants. The American Chemical 
Society and the National Research Council mutually agreed to care for 
these two fields of chemical development. The American Chemical 
Society named as Trustees, to make the necessary arrangements for the 
publication of the monographs, Charles L. Parsons, Secretary of the 
American Chemical Society, Washington, D C ; John K. Tceple, Treasurer 
of the American Chemical Society, New York City; nnd Professor Gellert 
Alleman of Swarthinore College. The Tru tees have airanged for the 
publication of the American Chemical Society senes of (a) Scientific and 
(b) Technologic Monographs by the Chemical Catalog Company 
(Reuiliold Publishing Corporation, successors) of New York City. 

The Council, acting through the Committee on National Policy of the 
American Chemical Society, appointed the editors, named at (he eloee 
of this introduction, to linve charge of securing authors, and of consider¬ 
ing critically the manuscripts prepared The editors of each series will 
endeavor to select topics which are of current interest aud authors who 
are recoguised ns authorities in their respective field* The list of mono¬ 
graphs Unis far seemed appears in the publisher’s own announcement 
clscwhcm m this volume 

The development of knonledgi in all branches of science, and espe¬ 
cially in chemistry, has been so wind during the last fifty >cais and the 
fields covered by this development have been so varied that it is diffi- 

iii 



iv GENERAL INTRODUCTION 

cull for any individual to keep in touch with the progress in branches 
of science outside his own specialty. In spite of the facilities for the 
examination of the literature given by Chemical Abstracts and such 
compendia as Beilstein's ITandburh der Organischen Chemie, Richter’s 
Lcxikon, Ostwald’s Lehrbuch dcr Allgcmeinen Chemie, Abcgg’s and 
Qmclin-Kraut’s Handbuch der Anorganischen Chemie and the English 
and French Dictionaries of Chemistry, it often takcB a great deal of time 
to coordinate the knowledge available upon a single topic. Consequently 
when men who have spent years in the study of important subjects are 
willing to coordinate their knowledge and present it in concise, readable 
form, they perform a service of the highest value to their fellow chemists. 

It was with a clear recognition of the usefulness of reviews of this 
charnelcr that a Committee of the American Chemical Society recom¬ 
mended the publication of the two series of monographs under the auspices 
of the society. 

Two rather distinrt pm poses are to be served by these monographs. 
The first purpose, whose fulfillment will probably render to chemists in 
general the most important service, is to present the knowledge available 
upon the chosen topic in a readable form, intelligible to those whose 
activities may be along a wholly different line. Many chemists fail to 
realize how closely their investigations may be connected with other work 
which on the surface appears far afield fiom their own These mono¬ 
graphs will enable such men to form closer contact with the work of 
chemists in other lines of research. The second purpose is to promote 
research in the branch of scicnrc covered by the monograph, by furnishing 
a well-digested Rurvey of the progress already made in that field and by 
pointing out directions in which investigation needs to lie extended. To 
facilitate the attainment of this purpose, it is intended to include extended 
references to the literature, which will enable anyone interested to follow 
up the subject in more detail. Tf the literature is so voluminous that a 
complete bibliography is impracticable, a critical selection will be made 
of those papers wlueh are most important. 

The publication of these books marks a distinct departure in the policy 
of the American Chemical Society inasmuch as it is a serious attempt to 
found an American chemical literal urc without primary regard to com¬ 
mercial considerations. The success of the venture will depend in large 
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part upon the measure of cooperation which ran be secured in the prepara¬ 
tion of books dealing adequately with topics of general interest; it is 
earnestly hoped, therefore, that every member of the various organisations 
in the chemical and allied industries will recognize the importance of 
the enterprise and take sufficient interest to justify it. 


AMERICAN CHEMICAL SOCIETY 


BOARD 

Scientific Series:— 

Willi vm A Norms, Editor, 
S. C. Lind, 

W. M VNM1I on ( 'lark 
Lim s ('. Pai uni. 


EDITORS 

Technologic Series:— 
Harrison E. Howe, Editor, 
Walter A Schmidt, 

V. A. Luwury, 

Fred C. Zlisbehu, 

Fj. It Wlidletn, 

C. E. K. Mebb, 

F. W. Willard, 

Caul S. Miner, 

W. G. Whitman, 

C. II. Mathewson. 




PREFACE TO THE FIRST EDITION 

The six-year period since 1029 has witnessed the expansion of the 
previous, small list of naturally occurring pheuanthrene compounds to 
include several groups of substunres which are as strikingly similar in 
structure as they arc different in their actions on the animal organism. 
The century-old problem of the structure of the sterols and bile aoids 
reached a culmination in 1932 with the recognition of the presence in the 
molecules of the characteristic pcrhydrooyrlupentenophenanthrene ring 
6ystein, and it was not long before the recently discovered sex hormones 
mere found to be similarly constituted. In rapid succession the cardiac 
glycosides, the hcait poisons secreted by toads, and certain of the hemo¬ 
lytic snpnnins were revealed as cyrlopentcnophenontlirene derivatives. 
It iH now known that sterols arc synthesized in the organisms of higher 
animals ns well us in plants and it apponrB likely that they are the 
natural precursors of all of the substances of related structure, yielding 
bile acids, male and female sex hormones, heart poisons, saponins, and 
anUrnrhitic agents ns products of biologi'al oxidations and reductions. 

Also characterized as hydrophcnantlircnc derivatives are the alka¬ 
loids of the morphine and aporphiuc groups, the acids obtainable from 
icsins of conifers, and the triterpenoid saponins. Although there are no 
indications of any connection in plant biology between these substances 
and the sterols, there arc many interesting correlations in the properties 
and chemical reactions of all of these phenanthrene derivatives and in 
the history of the determination ol their structures. Synthetic methods 
developed for the purpose of identifying aromatic degradation products 
in one senes have frequently been applied to distinct advantage in attack¬ 
ing the other problems This synthetic work establishes a direct con¬ 
nection to the chemistry of the cancer-producing hydrocarbons, for 
nearly nil of these remarkable substances contain the phenanthrene 
nucleus Furthermore, the most potent carcinogenic hydrocarbon yet 
known was first obtained as a degradation product of a bile acid. Here 
is some possibility that hydrocarbons of this type may be formed in the 
body, and there are Borne suggestions of a possible relationship to the 
oestrogenic hormones, but regardless of what the ultimate decision may 
be on thc*>e important points the tumor-producing hydrocarbons are cur¬ 
rently of considerable interest in connection with the chemistry and the 
physiological actions of the phenanthrene compounds recognised as true 
product 1 * of biosynthesis. 


VII 
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Tbe preparation of the present volume was undertaken with the idea 
that a review covering all of these topics in phenanthrenc chemistry might 
be of value in consolidating the advances already made and in expediting 
the further development of the field. All known types of phenanthrene 
compounds have been considered in the discussions whether they occur 
as such in nAlurc or arc formed as secondary transformation products, 
and the chemistry of phenanthrene itself is presented in an introductory 
section in order to provide a background for the consideration of deriva¬ 
tives which are of interest cither as degradation products or as interme¬ 
diates in synthesis. It has been the sun to present a comprehensive sur¬ 
vey of Uie more significant and useful observations in each of (he separate 
fields and to give prominence to correlating principles und to other mat¬ 
ters of central interest. The history of the masterful work of elaborating 
the structural formulas is highly interesting and instructive, and an effort 
has been made lo capture something of the spirit of (lie investigations 
and some essence of the truly dramatic disclosures of Iho past six years. 
The structures of key compounds of all of the groups arc now cither fully 
established or known in the most essential details and (here are indica¬ 
tions that the chemical work is entering the phase of intnl synthesis. 
It is perhaps appropriate to emphasize the known processes for the con¬ 
struction of the phenanthrene ring system because the methods which 
heretofore have been employed chiefly in identifying products of degrada¬ 
tion may he of service in altnrking the much more difficult problem of 
synthesizing the natural products themselves. 

In the case of the older problems it appeared profitless to discuss in 
any detail the early literature dealing in some cases with the isolation of 
a profusion of “compounds” of questionable individuality. The isolation 
of the sex hormones, on the other hand, is an achievement of strictly mod¬ 
em technique, nnd the work is of considerable current interest not only 
because it exemplifies the practical value of micrometliods but also on 
arrount of the biological implications associated with the occurrence of 
the hormones und their companion substances. Few conscious omissions 
have been made in desrribing these import out new developments. In 
treating such borderline snbjcrts as that of the sex hormones, the point 
of view is that of a chemist interested in learning the main facts and lines 
of evidence regarding the physiological functions of the compounds in 
question, but not wishing to venture too far lieyond his own field in the 
matter of detail. The morphine problem, except for the work on drag 
addiolion, 1ms been given somewhat loss prominence than the other topics 
simply heeau8C the major advances belong to an earlier period and nre 
hotter known. 

In coping with the formidable question of nomenclature and number- 
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ing the principle has been to follow precedent where this Is sufficiently 
dear, and in other cases to adopt the system which appears best suited to 
present and future needs without preferential regard to any one of the 
current usages. In the hope of clarifying the nomenclature of the sterols 
without introducing radical changes, the prefixes epi- and alio- have been 
italicized only when they refer to the configurations at the 3- and 5-posi¬ 
tions, respectively. As for the formulas, it mny be noted that the use 
of wax engraving* lin-i afforded a convenient means of expressing definite 
theoretical views regarding the bond structures nf the polynuclear hydro¬ 
carbons. In the case of phornmthrenc, for example, the disposition of the 
shorter of the two lines representing n double bond is such as to indicate 
that the aromatic unsalumtcd linkages between the central nucleus and the 
terminal ring* arc not equally shared but belong principally to the terminal 
rings, leaving the 9,10-double bond in a comparatively isolated condition, 
Til representing anthracene nud other compounds of quinonoid structure 
it is considered that m el In lenir linkage belli between a quinonoid and a 
benzenoid ring iv claimed principally by the latter structural unit. The 
bond structures assigned (n uinymmi'trical derivnthes and benzologues 
of anthracene are based upon the principles governing the equilibria in 
tautomerie quinonoid systems, essentially as defined by Kclirmonn in 
1898. i,2-13riizaiilhrareue, for example, is considered to exist chiefly in 
the /8-naphthoquinonoid, rather than the o-benzoquinonoid, form because 
of the great! r thermodynamic stability of the corresponding quin one of 
tho former type. Attention is called to these views because, although 
they are not discussed in the body of tho book, they are intentionally 
implied in the formulas. 

In a different category are certain suggestions as to the possible struc¬ 
tures of some of the less completely characterized natural compounds or 
their transformation products (ouabain, srillaren A, digoxigenin, ergos- 
terol peroxide, the sterol-like snpogenins, certain toad poisons). Although 
these ideas admittedly arc speculative, and although the suggest ions may 
serve only to prompt their experimental refutation, the inherent difficulty 
of the problems of structure and the rarity of some of the mnterials may 
justify u brief discussion of the tentative formulas and or n projwsed 
general principle upon which certain of them are based. Greater caution 
has been exercised in treating the more consequential problem of the bio- 
genetic relationships between the different natural products, and the 
interpretations have not been extended beyond the limits of substantial 
evidence. 

Some indication of the increasing activity in the plmnanthrcne field is 
afforded by the observation that about 45 per cent of the literature cita¬ 
tions of the present volume are to papera published in the five-year period 
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1030-34, while the year 1035 alone accounts for no less than 23 per cent 
of the total. In venturing to present a review at a time when active 
interest is at a peak, it is felt that although the subject probably will 
expand rapidly in the near future the new observations may be of such a 
nature as to extend the prescut views without necessitating their drastic 
revision. In time with the spirit of the investigations, every effort has 
been made to keep the book reasonably up to date at least at the time 
of publication, and through a series of fortunate circumstances it has been 
possible to review the literature received to February 1, 1936, with the 
exception of two or three papers which cuuld be cited only in the notes. 

It is a pleasure to acknowledge the cooperation aud advice tendered 
by my colleagues and research assistants at Harvard. My wife and 
ro-worker Mary Fiescr has been of great help throughout the preparation 
and publication of the monograph, and she is responsible for the indexes. 
For reading parts of the manuscript dealing with their special fields and 
offering valuable criticism, I am greatly indebted to Dr. W. M Allen, 
Dr. K. K. Chen, Dr. G. W. Comer, Dr. E. Femholz, Dr. E. Mosetlig, 
Dr. C. R. Noller, Dr. S. Palkin, Dr. M. J. Shear, and Dr. L. F. Small. 
In recognition of a valued source of counsel and inspiration in the course 
of this and other scientific enterprises, I mav rerord that, only four days 
before his death, my esteemed friend Dr. Samuel C Honker hnd the spirit 
and kindness to verify the statements concerning the classical investiga¬ 
tions of retenc which he completed over fifty years ago. 


Cambridge, Massachusetts 
February, 103G. 


L. F F. 
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The field' of 1 m cfatigation falling wittiin the scope of this book have 
been subject to Rueh increased activity and interest during the past year 
that it has seemed desirable to Keep pace in some measure with the rapid 
advances even be foie such a tunc as un extensive revision of the text may 
be called for To this end, a suivey of rerent literature has been included 
in the second edition m the form ol an appendix, and the indexes have 
been extended to accommodate this added material The revising of the 
original text has been limited to the correction of typographical errors 
and to minor changes requiring uo alteration in the pagination. The 
page references in the appended material consequently apply to the 
text of both editions and the separate publication of a supplement 
including the appendix and the revised indexes will prevent the devalua¬ 
tion of a fust edition which is less than one year old. 

Since the period for review in the anpendix corresponds very nearly 
with the '•pan of the year 1936, an effort has been made to include com¬ 
plete re If rentes to recent paper® bearing publication dates up to January 
1, 1937. Through the courtesy of the authors concerned, it has been 
possible to review a few additional papers whieh ore in process of publi¬ 
cation The cxtinnrdmary aetivitv in the phenanthrene field iB well 
shown bv the number of papers whieh have appeared in the brief period 
coseied in the hiitscy. The appendix includes references to over 300 
pnpers published in 1936 ns rompared with about 200 citations to 1936 
papers in the first edition In presenting the ni w developments, it has 
seemed expedient to review ns well some 50 earlier pnpers not previously 
included 

Although the voar |ust passed has witnessed the isolation of a few 
additional natural products, including the highly important vitamin D, 
the period has been characterized less bv dramatic disclosures compa¬ 
rable with those of the preceding vears than by the systematic develop¬ 
ment of the fundamental chemistry of the polynuclear compounds, by 
the further elaboration of method® of intciconvcrsion and of synthesis, 
and bv the general filling in of details to a pattern already rlearly out¬ 
lined The futuu offers promise of much further profitable research along 
these lines, and active experimentation can be expected to continue. The 
delineation of the complete stereochemistry of the steroids iB a particu¬ 
larly pressing problem, and further significant advances can he looked 
for in the near future The time may not be far distant when the whole 
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matter of stereochemical nomenclature can be placed upon a thoroughly 
secure and rational basis, and until this point is reached it seems desir¬ 
able to adhere to a temporary system which avoids the assumption of 
configurational relationships winch still remain to be determined: A 
conservative proposal in this direction is given in the appendix. 

The inclusion of new wax engravings in the appended material has 
not seemed justified. Revisions in structural formulas necessitated by 
the result of recent work are confined for the most port to minor points 
which ran he appreciated without difficulty by reference to the earlier 
formulae In the case of the triterpennid supugcuins and the toad 
poisons, the knowledge of the struct urea is still very incomplete and ten¬ 
tative formulations suggested lor the compounds have been subject to 
rapid change. 

I am greatly indebted to a number ol individuals for calling attention 
to errors in the original text, tor offering helpful comments and criticisms, 
and for furnishing reprint* of pertinent papers, and I will appreciate 
similar courtesies in the future Man- Kiesrr has again taken over the 
work of prepaiing the indexes, and her constant assislnnce in dealing 
with questions of orthography, in proofreading, and in other tcchniral 
matters connected witli the publication of the hook lms hern invaluable. 

C aiubndge, Maehuset t s L. F. F. 

February 1.1937 
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Chapter I 

The Chemistry of Phenanthrene and Some 
Instances of the Occurrence of Phenanthrene 
and Hydrophenanthrene Derivatives 

The presence in ro.il tar uf a hydrocarbon isomeric with anthracene 
was discovered independently in 1872 by Fit tig and Ostcrmayer 1 and by 
Graebc, 2 the latter working with n product obtained by GlaBcr from tech* 
niral anthracene The formulas at present assigned to anthracene and 
phenanthrene appeared at the time of the discovery to bo the only likely 
representations for cither hydroeaibon in terms of the Kekulf theory, 
and Graebc and Licbermann 3 were inclined to ascribe to anthrurene the 
formula now assigned to the isomer. That the formulas should be inter¬ 
changed was clearly shown by Fittig and Ostcnuaycr in their first investi¬ 
gation of the new hydrorarbon, for they F'crccded in establishing the 
structure of phennnthrene by the following degradation to diphenyl: 



The degradation products other than diphenyl were unknown, but all 
of the transformations were correctly inteiprcted. The proof was com¬ 
pleted by Schultz’ synthesis 4 of diphenic acid by a method which estab- 

• Filti* ind rWemmrr, Bn ,S, HI (1473), Arm . 166, 361 (1471). 

• Ornfbc, Bit , S, SOI. %K (1S72) I/m ,167, HI (14711 
1 Utiabo ind Idobtmutnn, Ann Sp 1,7,116 (16,70) 

< 0. Schulti, Bn . 11,31fi (1178). 12,236 (1478) 
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lulled its structure. In order to indicate the relationship to both diphenyl 
and anthracene, Fittig named the hydrocarbon phenanthrene. 

Phenanthrene may he regarded as a derivative of diphenyl with an 
ethylene bridge insetted between the o, o'-positions. That a double bond 


V 

is located at the 9,10-position, and that it iB more highly unsaturated 
than the double linkages of an isolated benzene ring, is elemly shown 
by the ability of phcnantluene to foim a 9,10-addition product with 
bromine, as noted by the discoverers of the hydrocaibon. Only three 
of the four possible Kckulc bond stiucturcs for plienaiithiene meet this 
requirement, namely those indicated in formulas I-IIT On the basis of 

c/i"' r 

( 1 ) 

the rule that each ring of a polynuclear aromatic compound strives to 
assume as nearly us possible the condiiion of an isolated benzene ring, 5 
structure I represents a more stable arrangement of the bonds than II 
or III, for each of the three rings has a bcnzenonl structure In the case 
of II and III both terminal rings arc henzenoid, but the central nucleus 
of II has the structure of a tetiakctonc (k), while that of III is o-quino- 
noid (q), or dihydnde in character. Theoretically phenanthrene should 
have the sliucture of I, and there is evidence that this is the case and 
that the bonds occupy fixed positions. The failure of the hydrocarbon 
to enter into the Diels-Alder reaction with maleic anhydride* indicates 
the absence of an active diene grouping similar to that present in the 
central ring of anthracene: 7 


t I 

I k I 1 ' " 

(ID (III) 


) 




+ 


rn-CD 


(ui 


k x 1 „ - J m co 
n 


• I iiiH, W liter and WohiUinjr, 4fin , 5Id, 21S (1D3A) 

■ Plur, Bn 65, *40 11032) 

7 Du la nnd Alder, Am , 486, 101 (1011), Chi, Brr , 64,1876, 2184 (103U. 
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Formulas II and III would allow of such addition since each contains 
a diene system, terminating at C 4 -C, and at 0,-C*, respectively. The 
argument is somewhat weakened by the fact that the Diels-Alder reaction 
is revei sible, but the observation shows at least that II and III are not 
the predominant tautomeric forms. 

The behavior of the phenanthrols provides a still more definite 
indication of the bond structure. 1 ' 2-Phcnantkrol (R = H) couples 
with diazotized amines at position (’,, a reaction which clearly involves 
the enolic double bond —C(OH)—=OH—. An nlkyl group at Ci 
(R - alkyl) completely blocks the coupling reaction, from winch it may 
bp inferred that the bonds cannot migrate in such a way as to provide 



an enolic grouping at the tree ortho position C,. The behavior of 
3-phenanihrol similarly indicates the presence of :i double bond at C,-C 4 
and the nbsrncc of such u linkage at 0,-0,. The failure of the allyl 
ether of 2-phenanthrol to rearrange when the normal ortho position (C t ) 
is blocked provides additional evidence. Phenanthrene appears to have 
a structure similar to that of nuphthnlcnc and with rquolly immobile 
double bonds. 

Phcnontlirene is more reactive than naphthalene and less reactive 
than anthrareue. Of the two tricyclic hydrocarbons the linear isomer 
is the more easily oxidized or redured. Polynuclear hydrocarbons con¬ 
taining both systems are oxidized chiefly to anthrarminuiics (para) rather 
than to phenunthrenrquinoneo (ortho). According to the observations 
of Fries, Walter and Schilling, 5 the heat of combustion of phenanthrene 
is 7.0 kilogram calorics less than tliut of anthracene, indicating a lower 
energy content, and the relationship is well interpreted by the bond 
structures indicated above. That phenanthrene surpasses naphthalene 
in reactivity is indicated particularly eleorly in the smoother conversion 
of the former hydrocarbon into its quinonc by oxidation and hy its 
ability to form an addition compound with bromine. The seat of special 
reactivity is the double bond between carbon atoms 0 and 10, ouch of 
which may be considered as an a-position of a naphthalene nucleus. The 
degree of unsaturation is distinctly greater than in the case of a double 
bond of benzene and in eome respects the group approaches the character 
of an aliphatic linkage. Fries 1 has suggested that the two other double 

• Tumi and M. N Torn*, /. An. Ckm. Sot, S3, 4120 (1031). 
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bends of the central nucleus arc so subject to the valence claim of the 
terminal rings of which they are also members that the conjugation with 
the C,-C ]t bond is disturbed and this linkage is left in a comparatively 
isolated condition. The above formula showB this condition of the 
bonds. 

The Preparation of Pure Phenanthrene. Phenanthrene is a much 
Ibbs abundant constituent of coal tar than anthracene, and no convenient 
method has been discovered for the synthetic production of the hydro* 
carbon in quantity. Pyrolytic syntheses such as that of Graebe 3 are 
entirely unsatisfactory with respect to the yield and the purity of the 



product. The phenanthrene present in coal tar iB found in the anthra¬ 
cene-oil fraction, for phenanthrene and anthracene boil at nearly the same 
temperature. Phenanthrene is more soluble in organic solvents and tech¬ 
nical material rontainiug over 50% of phenanthrene is obtained by 
crystallization. By further crystallization of technical phenanthrene it is 
possible to remove the bulk of the anthracene and other impurities and 
to obtain colorless preparations melting at temperatures from about 102 s 
to 115°. Pure phenanthrene, however, melts at approximately 101°, 9 and 
the material purified only by physical methods contains appreciable 
quantities of anthracene, corhazolc, and fluorene Phenanthrene forms 
with these substances mixed crystals having melting points higher than 
that of the pure hydrocarbon. 10 Anthracene (m.p. 217°) present in 
amounts higher than about 2% raises the melting point of the isomeric 
hydrocarbon. 

Since a separation cannot be achieved by the use of solvents alone, 11 
it is necessary to resort to chemical treatment. E. Schmidt 13 introduced 
a convenient method which depends upon the greater ease of oxidation 
of anthracene as compared with phenanthrene. The Bolubility of anthra- 
quinone in a solvent like alcohol is Buch that it is easily separated from 
phenanthrene. The crude phenanthrene is heated in alcoholic solution 
with a quantity of nitric acid sufficient to oxidize the anthracene present. 
This is converted into anthraquinone and dinitroanthraquinone, which 
precipitate, and the phenanthrene is obtained from the filtrate. The 

• RvntliMlr material 

>• Pund, Bull Mr rftim , [4] 29, 044 (1021). 

HIM Clark, Ini Bug Chum . 11,204 (1010). 

■ B Brhmidt, Bar, 7, W5 (1874). 
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hydrocarbon is then distilled and further crystallised. The method has 
been improved in some details by others, 1 * and in order to obviate the 
danger of explosions during the distillation the partial oxidation has been 
carried out with the use of chromic acid in glacial acetic acid solution.** 
The oxidation method cannot be relied upon for the removal of the last 
traces of anthracene, but this can be accomplished by boiling a solution 
of the purified hydrocarbon in nitrobenzene with maleic anhydride. 11 
Material required for hydrogenation experiments is best heated with 
sodium at 200° and distilled 10 (b.p. 340°). The sodium removes a sulfur 
compound, probably diphcnlycne sulfide. 

On a small scale the purification of phcnanthrcnc in the form of its 
molecular compound with picric acid is often useful. The pior&te crystal¬ 
lizes as yellow needles (m.p. 145°) from a solution of the components in 
alcohol, and the hydrocarbon can be recovered by distribution between 
aqueous ammonia or soda solution and ether. Molecular compounds use¬ 
ful for purposes of identification arc formed also with styphnic acid 
(2,4,6-trinitroresorcinol), trinitrobenzene, trinitrotoluene, and 2,7-di- 
nitroanthraquinone. Pure phenanthrene forms triclinic plates. It showB 
a blue fluorescence in solution, although this is less pronounced than in 
the case of anthracene. 

Synthetic Methods. The only generally useful methods for the syn¬ 
thesis of derivatives of either phcnanthrcnc or phenanthrenequinone arc 
those which were developed for the purpose of identifying degradation 
products of naturally occurring substances or with the object of simu¬ 
lating these substances. These methods will be discussed in connection 
with the problems from which they originated. Among isolated instances 
uf other methods of constructing the angular three-ring system, mention 
may be made of thice direct syntheses of phenanthrencquinoncs In two 
instances Liebcrmann 17 was able to obtain alkylated phenanthrenequi- 
noncs by the action of oxalyl chloride on alkylated diphenyls in the pres¬ 
ence of aluminum chloride, for example: 



u Mortimer and Murpliy, Ini Eng Chem , 15,1140 (1923), Buchmaon, J Am Ckem 8oa , 57! 555 
(1035). 

uClar, Ber , 55,852 (1082) 

» Behroeter, ibid , 57,2025 (1024), Schroatar, H MOller nod IIwing, ibid , 62,645 (1020) 
v Liobermann, ibid , 44,1453 (1011), 45,11 BO (1012), Lmberiimiin find Kordon, ibid, 46,198 (1018) 
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With diphenyl itself, however, and with all of the other derivatives 
tried, the only products isolated were carboxylic acids. Mayer u suc¬ 
ceeded in obtaining phenanthrenrquinone in unspecified yield as a product 
of the reaction of diphcnyl-o,o'-dialdehyde with alcoholic-aqueous potas¬ 
sium cyanide: 1 " 



Probably the reaction involves a benzoin condensation and a tauto¬ 
meric shift to a dicnol (liydroquinunc), followed by air oxidation. Mayer 
applied the renrtion in two other rases, but the aldehydes are not suffi¬ 
ciently available to make the method capable of any but very limited 
application. Another synthesis was achieved by Scholl and Schwarzer,* 0 
who obtained phonanthrenequinone in 25% yield by heating benzil with 
aluminum chloride at 120“. The most serious limitation of the method 
appears to be in the matter of yield. Brass, Willig and Hanssen 11 
obtained 1-hvdioxyphcnantlirencquinonc by this method, but in only 1% 
vield: 



An interesting instance of the foimation of the i educed phenantlirrne 
ring system by the establishment of the "diphenyl” linkage has been 
reported by Erdtmann: 22 



(10-20% yield) 

Reaction with Bromine. The fact that phenanthrene combines with 
bromine to form an addition product which iB sufficiently stable to be 

» r Mayer, Bar . 45,1105 (1912), 47,406 (1114) 

11 Kenner and 'J urnei, J Chm Boc , 90,2101 (1911). prtviouxly bad n ported negative result* 

11 Scholl and tirhwarier, Ber , 55, 324 (1922) 

* Brain, Willig and Hanascn, ibid , 59,2013 (1930) 

11 Erdtiuanti, Inn , 505, in5 (1933) 
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isolated and purified was noted in the first investigations of the hydro¬ 
carbon. On being heated, the addition product loses hydrogen bromide 
with the formation of 9-bromophenanthrene which, thanks to this reac¬ 
tion, is one of the most readily available derivative'' of the hydrocarbon. 



In pure solvents and in the absence of catalysts the addition reaction is 
reversible and proceeds with measurable velocity. 2 ® At temperatures 
from 0° to 40° the reaction (ut cquimolccular quantities of reagents) 
proceeds to a measurable point of equilibrium. The formation of a sub¬ 
stitution product through an intermediate nddition supports the view 
that, this repres n nts the mechanism of the hroininntion of aromatic hydro¬ 
carbons in general. That the addition produrt can be isolated in the case 
of phenanthrenc (and anthracene) is due to the unusual reactivity of 
the hydrocarbon, the reaction proceeding easily under conditions so mild 
that the addition product is not decomposed. The metal halides employed 
as catalysts in ordinary brominntions probably promote the elimination 
of hydrogen bromide from the intermediate and only accelerate tiie addi¬ 
tion reaction by catalyzing the irreversible process by which the nddition 
product is rcinin ed from the equilibrium 

Substitution Reactions. Contrary to what iniaht be experted, the 
central nucleus of phenanthrenc is not the exclusive point of attnrk in sub¬ 
stitution reactions. Tn the nitration and sulfonation of the bydroearbon 
and in the Friedel and ('rafts reaction mixtures of isomeric mono- and 
di-dorivath cs usually are produced. Substitution in one terminal nucleus 
apparently does not greatly influence the pasc of reaction in the second 
terminal ring. Since no less than five monosubstitution products and 
twenty-six disubstilution products are theoretically possible, it is clear 
that very complicated mixtures often result. The separation of these 
mixtures presents many difficulties, for many phenanthrenc derivatives 
have a pronounced tendency to remain in supersaturated solution und to 
form mixed crystals. The phenomenon of polymorphism also is common. 
For these reasons the isolation of a pure product in 20-25% yield often 
is regarded ns a highly satisfactory result, and relatively little iB known 
concerning the complete course of the substitutions. 


n TWr and Pnrc, uupubliriirri nork 
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The nitration of phenanthrene in glacial acetic acid solution with 
diacetyl ortho nitric acid yields 9-nitrophenanthrene as the rhief produot, 
together with smaller amounts of the 2- and 4-derivatives and a very 
small amount of the 3-isomcr. 24 The sulfonation of the hydrocarbon has 
been the subject of careful studies by investigators in four countries: 
A. Werner and his Btudents, Sandqvist, Fieser, and Iofff 25 Werner iso¬ 
lated and characterised the 2-, 3-, and 9-acidB and developed a method of 
separating the 2-acid as the barium salt. Fieser improved the methods 
of separation and identification (through the p-toluidine salts) and iso¬ 
lated in addition the 1-acid. The yields obtained on conducting the 
reaction at 60° are indicated in the formula The 1-acid and the 9-acid 
do not appear among the products when the sulfonation is carried out for 
3 hours at 120°, and the 2-ucid and the 3-acid ran be obtained fairly 
easily in 25-27% yields. The metal salts of tlic 2-acid ore less soluble 
than those of the isomer and the organic salts melt at higher temperatures. 

(MX) 



(l'-T) 

In analogy with naphthalene it would be expected that the 2- and 
3-positious would be favored at an elevated temperature, for they corre¬ 
spond to jS-positions, while positions 1, 4, anil 9 arc all a to an adjacent 
ring. It is well known that the a-ncid of naphthalene, produced at a low 
temperature, rearranges to the j9-and at a higher temperature and, accord¬ 
ing to IofK, this is also tmr of phenanthrene. He concluded from time- 
yield rurves that the 9-acid is formed first, even at a high temperature, 
and rearranges to the 3-acid. There were some indications that the 3-acid 
slowly rearranges to the 2-acid 26 

Sandqvist found tliat dimlfonic acids accompany the monosulfonic 
acids even when phenanthrene is sulfonated incompletely at room tem¬ 
perature When cither (he 2- or 3-sulfnnir acid derivative is submitted 
to sulfonation, 27 thn second substituent enters the imsubstitutcd, terminal 
nucleus chiefly at C„ and C-, and to a lesser extent at 0,. 

When submitted to the Fricdcl and Crafts reaction with acyl halides 
under ordinary conditions, using carbon bisulfide as the solvent, phenan- 

u Tullufl fkhmidt anti TTpiuIp, Btr , 44, 14Sh (ini 1) 

» Werner. FrrV J Kuna, M Kunr TjowpiuIpiii Rtkrur and Waih, 4»rn 321, 21S (1002) Simlnvint 
lor rif ■ A an , 392,70 (1D12), Fiewr, J Am Chm Sot t SI, 24b0 (102*1), loftf, / fir w Chem V 88 H, 3, 
MS (1033) 

" Firwr (tor etf ) obsuvpd no POWTiiiRpniPiili on hiahnff Hip sodium anil* nf thr 3-, 3-, or 0-and 
with nulfiinc nnd, bat thip may not be a fan induation of the pnwnblp fitp of the frre Bade 

» Fim, J Am fAftn Soc , 51,2471 (192*)) 
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threne is converted mainly into resinous products. 1 * The results are no 
better when the reaction is moderated by operating at a low temper** 
ture or by employing the milder condensing agent stannic chloride, but 
Mosettig and van de Kamp 3 * discovered that the reaction proceeds 
Bmoothly and simply in nitrobenecne solution. With acetyl chloride they 
obtained 3-acetylphenanthrene (m.p. 72°) in 64% yield and 2-acetyl- 
phenanthrenc (m.p. 143°) in 15% yield. As with most other pairs of 
isomers, the 2-derivativc is higher-melting and less soluble than the 
isomer and a separation is easily effected by crystallisation. Benaoyl 
chloride and o-toluoyl chloride 10 react in the same solvent to give the 
3-, 2-, and 1-derivatives in yields of 20%, 3%, and 6%, respectively. 
In the presence of aluminum chloride, succinic anhydride 11 and methyl 
succinic anhydride 11 also condense smoothly with phenanthrene in nitro¬ 
benzene solution and give chiefly the 3-subBtitution products (50-60% 
yield). 

Possibly the superior ity of nitrobenzene over other solvents fa con¬ 
nected with the fact thnt it romhincs with aluminum chloride to form a 
rather stable molecular compound. The complex has sufficient catalytic 
activitv to promote the desired reaction, but it apparently does not insti¬ 
gate side reactions to the same extent ns the more potent, uncombined 
halide. Possiblv the suhent also influences the direction of the substi¬ 
tution, but this point has not bccu fully investigated, other solvents giving 
inRepainble or difficultly separable mixlurcs. Bachmann 11 used the 
Perrier modification of the Pnedel and Crafts reaction to advantage in 
the separation of 1-bcnzoylplienanthrenc from a mixture of isomers. 
Ph enanthr ene was added to a carbon bisulfide solution of the Perrier 
compound prepared from benzoyl rhlnride and aluminum chloride. A 
part of the reaction product separated as an insoluble complex and this 
on decomposition yielded exclusively the 1-benzoyl derivative in 8% 
yield. The separation is so simple that tins ketone can be regarded as a 
readily available derivative in spite of the low yield. 

Recently Burger and Moscltig 11 have found that 9,10-dihydrophen- 
anthrene reacts fur moic smoothly than phenanthrenc, and they obtained 
2-accty]-9,10-dihydrophenanthrcnc in 90% yield. This substance should 


M TIib atatenunta »f Willio nidi and Alin rt, J nil , 84 * JHJ (1911) • havj' n *jl iSSSSSli 

II) hn been shown by Mnaethg and van lie Ramp auil by Ifornmann (hob below) that their v**eotyl 
nod "'Mjenioyl" denvativen dn not have those atruttnn b 

n M i* tLig and van do Ramp, / Am ChtM Bnc , 52, 3701 (ID 10) 

1# II u limanii, ibid , 57, 5fi3 (1H35) Htn limann and Finn dnd , 57,1130 (111 11) 

11 U I) Ifnaurlh and Mavin, J Chart But , 1012 (10*>) 
v (Vnik and li udi wood ibid , 42S (19J4) 

11 Uathmann, J Am Chnn Soe , 57, OT U(H r ») 


u Huffer and Muaeltig, t6id , 57, 2731 (ID 13) 
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furnish a convenient starting point for the preparation of many other 
derivatives. 

In general the results with phenanthrene itself indicate that the 
3-position is particularly favored in the Fricdel and Crafts reaction. 
Substitution in the reactive central ring has not been observed and there 
is no evidence that acyl groups enter the 9-position and subsequently 
rearrange. Indeed Mosettig and van de Kamp 38 prepared 9-acetylphen- 
anthrene (by the Claisen condensation of the 9-carbomethaxy derivative 
with ethyl acetate followed by hydrolysis of the keto ester) and found 
that the acetyl group does not migrate under conditions more drastic than 
in the Fricdel and Crafts reaction. 

The Preparation of Other Derivatives. Only a limited number of 
simple substitution pioducts of phenanthrene are readily available as 
starting materials for fractions and syntheses. Among the ketones, 
2-acctyl-, 3-acctyl-, and 1-bcnzoylphenanthrcne fall into this category 
for they are available by direct substitution. 9-Benzoylphenanthrenr is 
conveniently prepared by the condensation of 9-phcnonthryl magnesium 
bromide with benzonitrile, followed by hydrolysis of the ketimine.*® The 
9-acctyl compound is prepared from the acid ester as described above. 
The 2-, 3-, and 9-ai-bromoacetyl derivatives of phenanthrene are easily 
obtained by bromination of the methyl ketones 1,7 

The 2- and 3-carbozylic acids are most conveniently prepared by the 
action of aqueous sodium hypochlorite solution in excess on the corre¬ 
sponding acetyl compounds, the yields being nearly quantitative. 58 The 
corresponding nitriles can be prepared either from the arids or from the 
2- and 3-Bulfonatcs Phenanthrcne-9-carboxylic arid can be prepared 
from the 9-bromo compound either (1) through the Grignard reagent, by 
carbonation (70% yield), or by condensation with ethyl chlorocarbonate 
and hydrolysis of the ester (90% yield) or (2) by heating the bromo 
derivative with cuprous cyanide at 260° and hydrolyzing the nitrile (84% 
yield). 31 J-Phcnnnthroic acid has been obtained only from the difficultly 
accessible 1-sulfonnte 40 and (in poor yield) by the alkali fusion of 
1 -lienzoylphenantlirene 13 

The 2-, 3-, and 9-aldehydes have been prepared from the correspond¬ 
ing acid chlorides, (a) 41 by the method of Rosenmund, the acid chloride 


■* Mottttip nnd van dp Kamp, J Am Chrm Sor , 55, 3442 (1933) 

■ Bnrhuiann, ibid , 56,1369 (1934). 

" MoBpttiR and van da Kamp, ibid , 55,34 IS (1933) 

■ MoiwttiR and van dp Kamp, ibid , 52, 3704 (1930), 55, 2903 (1933) Aororting to laler obwrvfr- 
tionq of thMp mvwhaatnm (private rnmmuiuration) culmum hypochlorite ("HTH*) u far superior to 
sodium hypochlorite for thr nxirintion' 

11 Mowttig ind wan dp Tvamp tbief, 54, 332S (1932) 

,54,4110 (1932) 

Mmottiic and van de Kamp, ibid , 55, 2903 (1933) 
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being reduced catalytieally in decalin solution (90% yields), and (b) M,4> 
by the method of Sonn and Mnller as follows (average yield, 58%): 

RCOC1-► RC-NHC.H, RC-NC.H, — ■ » RC-NC.H ,”^* RCHO 

n I I 

o ra h 

Bachmann M prepared 1-plicnanthraldehyde by a process similar to (b) 
but starting with the anilide obtained by the Bcckinanu rearrangement 
of the oxime of 1-bcnzoylphcnanthrene, the overall yield from the ketone 
being 60% of the theoretical amount. 

All of the five possible phenanthrols arc known but only 2- and 3- 
phenanthrol, which ore easily prepared from the sulfonates, 44 are very 
readily available substances Of various methods which have been sug¬ 
gested for the preparation of 9-plienanthrol, probably the most satisfac¬ 
tory consists in the reduction of 10,10-dirhloro-9-phenanthrone, 48 best 
with stannous chloride m arctic arid saturated with hydrogen chloride 41 
Phenanthienequinonr i>> the Parting material: 
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1-PI tenant In ol haq bei'n obtained by llie fusion of the rare 1-sulfonate 44 
and, in poor yield, by the pvruhsis of n-naphlliyl pnracomc acid 47 : 
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A more practical method has been described by Mosettig and Burger, 4 * 
who obtained 1-phenanlhrol in 50% yield by brominating l-keto-1,2,3, 
4-tetrahydrophcnanthrcne and eliminating hydrogen bromide by the 
action of diethylamline 4-Phenanthrol has been obtained in small yield 

4 " fflioppce, /. Chun 8or , 37, (1033) 

“ Baohmaun, J Am Chrm Bor , 57,13SI (lDlli) 

44 For n Irrcnrea and improved prort rlurr\ w»e >iphct, itwi, 51, 2400 (1920) 

41 Julius Schmidt and Lumpp, Brr , 41,4215 (1008) 

44 tiuhhclimidl, Vogt and Brodig, 4tm 445,135 (1D2D), 

47 Hhoenmth and Outline, J Chm Bor , 2332 (l ( )2K) 

41 Mosettig and Burger, J Am Chm Bot , 57,2180 (1035) 
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from the condensation product of jSoaphthaldehydO and succinic acid," 
and the ethers of 1- and 4-phenanthrol have been produced synthetically 
by the Psohorr method (page 28). 

Many of the early reports concerning various hydro derivatives of 
phenanthrene appear incomplete or inaccurate in the light of the careful 
studies of the high-pressure hydrogenation of phenanthrene carried out 
by Sohroeter. 110 Three stageB of hydrogenation were defined in this work 
and the structures of the highly purified hydrocarbons were all established 
by synthesis. Hydrogen atoms first enter the reactive central nucleus, 



giving 9,10-dihydrophenanthrcne (I). The next pair of hydrogen atomB 
probably saturates one of the double bonds of a terminal ring such as 
that at C,-C.., giving a teti&hydrn compound which has two dihydro- 
benzenoid rings and which consequently is unstable By a migration of 
one double linkage into the central nucleus, this isomcrizes to the more 
Rtnhlc structure TI: 



The symmetrical octahydnde (“octnnthrenc”) HI is the final product 
and it can be prepared in 70-85% yield from phenanthrene, 111 purifica¬ 
tion being accomplished thiough the sparingly soluble sodium sulfonate 
(Sohroeter). 1,2,3,4-Tetrahydrophenanthrene (II) is the only hydro 
derivative of phenanthrene which forms a picrate, for it alone contains an 
intact naphthalene grouping. While the hydrocarbon can be isolated 
from the hydrogenation mixture in a pure form through the picrate, it is 
more conveniently prepared by synthesis (page 72). B-10-Dihydro- 
phenanthrene (I) was not obtained by Sohroeter in quantity, for it was 
neresBary to separate the substance from a mixture consisting largely of 
the other two hydrocarbons After removing II as the picrate the mix- 

* Bchrend and Ludewig, Ann , 379, d51 (1911) 

“ Mohnwter, Btr , 97, 3025 <1924), Hchrooter, II MUlri nod Hiudji, tbid , 02,615 (1029). 

u van da Kamp and Mowttic, J Am Chm Hoe , 57, 1107 (1935) 
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ture is sulfonated The dih/dro compound forms a readily soluble distal- 
fonate which can be obtained after removing the less soluble mooosul* 
fonatc oi 1,2,3,4,5,6,7,8-ortahydrophenanthrenc (III). More recently 
Burger and Mosettig 14 have found that pure 9,10-dihydrophenanthrene 
can be prepared in any desired amount by a process oi selective hydro¬ 
genation, using copppr- chromiura-banum oxide catalyst 



Liquid 


The uns>uiiiirtiii.il lsomci of Ill, 12,3,4,9 10,11,12-OLtalrydro- 
phenanthrrne (IV), is loartilj available in quantity by synthesis'* 
(page 76) 

Further Observations Regarding Substitutions. A peculiarity noted 
in the reaction 1 ' of phenanlhrcne is that substituting reagents almost 
invariably avoid tbr 4-position, possibly betausp ol thr spatial require¬ 
ments oi tin molecule That giouos occupying the* 4-po»ition may 
be Bubjeet to stent hindrance, is indicated by the striking diffeicnce 
in the icnction of thr quinnms I and TI with aniline' Thr normal 


u 



(I) W) »Ni (llj 


reaction loi oitho qiunonr sulfonates of this type cniiBiBtS in the 
replacement nt the sulfonate group by the anilino group, probably 
through the addition of aniline to the conjugated system of the quinone, 
followed by the elimination of sodium bisulfite The quinone T rearts 
normally, giving the unilmoquinone, but in the case ol II the 1 sulfonate 
group remains intact and the sodium salt is inerelv converted into the 
aniline salt The icinaikabk stabilih of thr sulfonate gioup in this posi¬ 
tion may be due to the influence id tlu ntighbuimg bensene nucleus in 
preventing the foi motion of an intermediate addition produrt Possibly 

M Hinlbau anil tanaupla 1 tin* &oi , 2W 3 (1012) li off lit Srunrt, 77 p 2fc» fl9M) Cook and 
He *wit F rhtm W 109N |WH) Berg* Bit 67.218(1934) 

"tuici / Am thm Am , 51, 940 1990(1829) 
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the stereochemistry of diphenyl finds some counterpart in the properties 
of the tricyclic hydrocarbon which contains the diphenyl grouping.* 4 
Some rather unusual substitution reactions of the phenanthrols have 
been reported by Mosel tig and Burger. 61 Treated with two molecules of 
acetyl chloride in nitrobenzene solution in the presence of aluminum 
chloride, 3-phenanthrol is converted into the 6-acctyl derivative, while the 
methyl ether under similar conditions yields the 9-derivative. The prod- 


CHiCp 





COUH 


uct of the Kolbe reaction of sodium 3-phrnnnllirnlntc with c-nrbnn dioxide, 
according to these authors, very probably is 2-carhoxy-3-phcnanthr»l. 
In all of these rases substitution would be expected to occur at the 4-posi¬ 
tion, as in the coupling reaction and in the Gattermann aldehyde synthesis. 
Mosettig and Burger found that the “normal” hydroxy arid, 4-carboxy- 
3-phenanthrol, is rather unstable, the carboxyl group being easily dis¬ 
placed on heating. 2-Phcnanthrol is substituted at C, in the Friedrl and 
Crafts reartion and in the Kolbe reaction, but its neetyl derivative renets 
abnormally, giving either the 6- or 7-acetyl compound in the Friedel and 
Grafts reartion. 

The Oxidation of Phenanthrene. Phenanllirenequinone can be pre¬ 
pared easily and in fair yield by the oxidation of the hydrocarbon in 
glacial arctic acid solution with chromic anhydride, nr, more economi¬ 
cally, in aqueous suspension using dichromate mixture. 6 * The orange-col¬ 
ored ortho quinonc is conveniently purified through the colorless, water- 
soluble addition produrt whirl) it forms with sodium bisulfite, the quinone 
being preripitated on acidification of the aqueous solution (Graebe*). 
All traces of anthraquinonc ran be removed in this way The ehief dif¬ 
ficulty in obtaining a high yield is that the quinone iB easily oxidized fur¬ 
ther to diphenic arid by cleavnge of the linkage between the two carbonyl 
groups. The reaction often is of value in determining the structure of 
substituted phenanthrenequinones, the oxidation being accomplished con- 

11 IL hiw boon tentatively augfd'fod [Fiencr, J 4 m Chem Sim , 51, 3101 (1U2 1 ))] that tlip two hen- 
ifnoid niiRu of 1,10-phpiwnl hrenequmcme nuv be dm tort wl from the roplanqr iMinfiiciuutimi, tho touting 
resulting in a rtnun within the molr rule.' 

H Movttig and Bulger, J Aui Chem Sitr , 55, 2(1SI (103?), Hinder and Mowtlin, thd , 56, 1745 

(mu 

■ Ansrhfltr and (3 Hriiulta, Ann , 196, 37 (1870J, Ovater md Art km a, J Am Chm So r., 43, 908 
(1821). 
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veniently by means of 30% hydrogen peroxide in glacial acetic acid solu¬ 
tion ® T In one instance 2T there has been observed a by-product which 
evidently results from thr cleavage of the linkage between one ketone 
group and a benzene ring, fullowed by further oxidation and laclonization: 




Like open chum a-diketoncs, phenanthrenequinone is sensitive to 
alkali and easily undergoes the benzilic arid rearrangement, giving 
hydroxyfluorenc carboxylic arid I■*: 



Being an a-hydroxy acid, i is converted on oxidation into fluorenone (II), 
und consequently this ketone is the product obtained on oxidizing phenan- 
threnequinone with alkaline permanganate.®* 

Phenanthrenequinone Ini. p. 206 s ) has marked baBic properties and 
forms oxonium salts with strong acids and with various metal halides. It 
is distinguished by various color tests, by the reduction to a colorless 
hydroquinone, and by its solubility in bisulfite solution The quinaxalino 
derivative (plienanthraphcnazine), prepared by condensation with o-phen- 
ylenediamine in glacial acetic aoid solution, is useful for purposes of 
identification: 


C B H 4 -C«0 H|N^ 


c b h 4 -c-n v 

I I > 

C B 


C|li 4 + 2H*0 


n Hollemuik, Ace. fro*, c h\m, t 23, 160 (1D04) 

■ Frifldlaendcr, Btr , 10,631 (1877); Julius Schmidt and Bauer, ibtd , 36, 3757 (1005); H Klinger, 
dun.. 300, 237 (1012). 

I* AnachQti and Japp, Ber , 11, 211 (1678) 
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BENiOLOaVBB OF PH ENA N THRENE 


Other Coal Tab Hydrocarbons 
Related to Phenanthrene 

Among the hydrocarbons isolated from the distillates of coal tar or 
lignite tor which include bb part of their RtructureB the angular three-ring 
system of phenanthrene, the most interesting are thoBe indicated in the 
accompanying formulas' 0 (and 1 ^-benzpyrene, page S3).® 1 





1 4 



Pciylnnp 
(M. p. 265°) 



The presence in coal tar of small quantities of 4,5-phenanthrylene- 
methane, pcrylene, and triphcnylene has been established only recently. 
Prior to the isolation of perylene from coal tar, 83 the synthetic hydrocar¬ 
bon had been available by the ryclization of l,l'-dinaphthyl derivatives 
with aluminum chloride." Triphenylenc, found present in crude chrysene 
to the extent of 1-3%, 04 was first obtained synthetically from cyclohexa¬ 
none." Under the influence of methyl alcoholic sulfuric acid three mole- 


N Regarding the numbering of the hydrocarbon it may be observed that two by*L enin are in current 
use in the raws of pyrene and no leu than four method* or numbering have been employed for chrysene. 
In these two cans, in the absence of strong precedent,, the author nu adopted the method* indicated 
for the following reasons (1) they aie oonwstent with the numbenng generally accepted for phenan¬ 
threne, (2) they facilitate comparisons between the sumlarb located positions 1, 2, and 3 in phenanthrene, 
pyrene, and chrysene, and (3) Dy rational extension they adequately provide for nil possible hydro deriva¬ 
tives of tnr hydrocarbons rirenp and tnphBnylene have been numbered in a similar manner 

11 For a review of the literature of these compounds to 1D27, see A E Everest, "The Higher Coal-Tar 
Hydrocarbons," Iiongmvis, Green and Co, Ltd, London, 1927 Regarding perylene, hoc Hnuben 
‘Du Anthraeen und die Anthrachuume," pp 577-583, Georg Thieme, Leipng 1929 
* Cook, Hewett and Hiegcr, J Chsm. Sac , 390 (1938) 

M Scholl and Weitsenltfck, Btr , 43,2202 (1910) 
n Kaffor, ibid, 68,1812 (1935), 

“ Mannish, %btd , 40,153,159 (1907). 



BOND STRUCTURES 
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rules of the ketone condense to give dodecahydrotriphenylene (compare: 
acetone-Mnesitylene), and tlio aromatic hydrocarbon can bo obtained 
by dehydrogenation. The other hydrocarbons were all unknown prior 
to their isolation from tars. Kruber** isolated 4,5-phenanthrylene- 
methane by heating a purified neutral fraction of anthraoene oil with 
sodium, followed by treatment with carbon dioxide. One of the (rela¬ 
tively acidic) hydrogen Atoms of the methylene group is replaoed by 
sodium and the substance is converted on carbonation into the sodium 
salt of the corresponding acid. The hydrocarbon is then obtained on 
heating the acid above the melting point. On oxidation the substance is 
attacked with about equal case at the 9,10-position and at the methylene 
group. 

From such observations as have been made it appears that the struc¬ 
tural resemblance of pyrene to pbenantbrene is largely superficial, for the 
two hydrocarbons arc quite different in their behavior. On being oxidised, 
pyrene docs not yield an ortho quinone but is converted into a hetoronu- 



rlear quinone which is known to he either the 1,6-(I) or the 1,8-deriva¬ 
tive. Reduction with sodium and amyl alcohol givrs chiefly symmetrical 
hcxnhydropyrcne (II). #T Whereas in the Frieael and Crafts reaction 
phenanthrene is attacked chiefly at the p -positions, C, and C„ pyrene is 
substituted at position C,, which is adjacent to a second aromatic ring. 
A second substituent enters a corresponding position in the other ter¬ 
minal ring, appearing largely at 0„ and to a lesser extent at C,. Pyrene 
also is distinctly more rcartive than phenanthrene. In explanation of 
theBe differences it may be noted that it is not possible for the hydio- 
rarbon to assume a Kckule bond structure such that each of the four 
rings has the stable bensenoid arrangement of linkages. The structure 
represented above and partially reproduced in III has two ortho quinonoid 
(q) nuclei (see IV), which are combined in such a way that the unsaturated 
systems of linkages terminate at C, and 0„. This may account for the 
predominant substitution at these points. 


■ Krubcr, Sir, IT, 1000 (1184) 

■ Cook and Hawett, J. Chm Sec , 30B (1033) 
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Perylene differs from all of the other hydrocarbons of the group in 
being colored (yellow), and it also departs widely from phenanthrene in 
properties. The hydrocarbon is converted by oxidizing agents chiefly 
into the 3,10-quinone, and, in general, substitutions occur at the 3,10- and, 
to a lesser extent, at the 3,9-positions. The bond structure indicated in 
the formula above is that suggested by Clar,“ H largely ou the basis of his 
observation that perylene combines with maleic anhydride when the two 
substances are heated in nitrobenzene solution Apparently it is necessary 
to use this oxidizing solvent in Older to displace the initial equihbrium: 



(not isolated) 


The reaction indicates the presence of a diene system between C,. and C r , 
and according to the formula these positions represent the ends of the 
unsaturated, quinonoid system of the central nucleus (q). The formula 
also accounts for the substitutions at C, and C ]n , for these positions are 
at the ends of the quinonoid systems of rings q' and q". 

Chrysene, triphcnylenc, and pieenc are more stable, unreactive Bub- 
stanccs and evidently contain only tmlv benzenoid rings. Chrysene and 
picene yield ortho qumones on oxidation, while no definite products have 
been obtained from triphcnylenc. It will he noted that the latter hydro¬ 
carbon lacks a reactive double bond comparable with that at C.-C M in 
phenanthrene. 

The Chrysogens of Coal Tar Distillates. Chrysene (Gr. chrysos, 
gold) was so named for the reason that the hydrocarbon prepared from 
roal tar (and by other pyrogenic methods) forms beautiful golden-yellow 
plates, the color being retained in only slightly diminished intensity after 
numerous crystallizations. Liebermann B ® discovered that the color iB due 

■O&r, Brr, as, MB (ID32). 

11 Tiipbrnmnn, Inn , 158,2W (1871) 
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II 

to an impurity which is attacked more easily than chrysene when the yal* 
low material is subjected to partial oxidation or reduction, and he was able 
to prepare completely colorless chrysene (having a red-violet fluorescenoe). 
The colored material, or chrysogen, is not present in amount sufficient to 
influence greatly the physical or ohemical properties (or the analysis), 
and the original name was retained as a matter of convenience. Colorless 
chrysene was encountered independently by E. Schmidt 70 in nn interest¬ 
ing manner. Schmidt undertook the investigation of a supposed “nitro- 
anthracenc” which had been obtained by the action of nitric acid on an 
alcoholic solution of technical anthracene. On careful examinat ion the 
substance was found to be a molecular compound of chrysene and 2,7- 
dinitroanthraquinone, the latter compound evidently arising from the 
oxidation of anthracene, followed by nitration. On treatment with aqueous 
stannouB chloride solution the nitro compound was reduced to a water- 
soluble amine salt, leaving chrysene as a gray precipitate. Hub apparently 
is the origin of the use of the sparingly soluble molecular compounds of 
2,7-dinitronnthraquinone in the identification and purification of poly¬ 
nuclear aromatic hydrocarbons. 

Clar 71 has reported that the colored impuritv can be removed by boil¬ 
ing a solution of chrysene in xylene with a small quantity of maleic 
anhydride. A more convenient method consists in shaking a warm solu¬ 
tion of the hydrocarbon in tetrachlorocthane with successive small por¬ 
tions of concentrated sulfuric acid until the acid liquor no longer becomes 
colored. 71 All of the methods of purification indicate that the chrysogen 
is a relatively reactive substance, and Clar’s observation suggests that it 
is an anthracenr derivative, but the identity of this and other chryBOgens 
was only established with the use of the method of chromatographic 
adsorption analysis by Winterstein, Schon and Vettcr. TJ A nearly satu¬ 
rated solution of a crude hydrocarbon is prepared in a suitable mixture 
of benzene and ligroin and this is passed through a tower packed with 
finely powdered, activated (heated) alumina. The different constituents 
are selectively adsorbed, and on examination under ultraviolet light vari¬ 
ous zones can be detected in different parts of the tower. Each zone is 
removed and subjected to elution with ether in order to extract the organic 
material. In thiB way Winterstein and his collaborators identified the 
colored constituent of crude chrysene as naphthacene (I), a particularly 
reactive, linear bensologue of anthracene. They also found present the 
colorless, nitrogen-containing compound 1,2-benzcarbazole (II). Slightly 

" K Schmidt, J pmM Chm , », 241 (1W4) 

n Plar and Lombardi, Bn , 65,1411 (1032) 

n Observation of tho author 

* Winterstein, SchOu and Vetter, Z phynal Chrm , 230, 15B (1034) 
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yellow anthracene from coal tnr was found to contain traces of naphtha- 
cone and carbazolr. Pyrene from the same source contains a particu¬ 
larly persistent rhrysogen nnd earlier investigators were of the opinion 
that the pure hydrocarbon is yellow. Purification with Bulfuric acid iB 
not applicable in this case bemuse pyrene is ton easily sulfonated. By 
the chromatographic method the compound was obtained in a colorless 
condition, the chrysogen was identified as 1,2-bcnznaphthacene, and a 
colorless impuiity was detected in small amounts and identified as bra- 
zan (III). According to von Braun and Irmiseh, 71 technically purified 
chryBcnr from coal tar contains considerable amounts of sulfur compounds 
(1.4% S). These ran be icmoved by treatment with sodium, but the 
process iB wasteful. 

Synthetic Preparation of Chrysene. There arc many connecting ties 
in both the chemistry and the history of chryspne and phenanLhrene, and 
it is appropriate to consider briefly the synthetic approaches to the four- 
ring hydrocarbon Chrysene has been obtained in high-temperature reac¬ 
tions from a variety of different substances or mixtures of substances, the 
most striking and useful example being that discovered by Spilker.™ This 
investigator obtained the hydrocarbon by passing indene vapor through 
a glowing iron tube and he reported that no less than 60% of the indene 
actually consumed in the process was converted into rhrysenc. The reac¬ 
tion possibly involves primarily the rupture of the allylic linkage of 
indene. So satisfactory is the yield that sulfur-free chrysene prepared 



technically by Spilkcr’s method vies in piice with the material from 
coal tar. 

n yon Braun and Inninrh, Btr , 65, 883 (1032) 

" Bpilker, thd , 26,1538 (1803). 
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The first method of synthesizing chrysene derivatives of known struc¬ 
ture was that developed by Br&chke. T0 Bcnsil was condensed with a-bro- 
moaeetic ester in a lleformatsky reaction and the meso ester (I), after 
being separated from a small quantity of the racemic isomeride, was con¬ 
verted by dehydration and reduction into the dibasic trails arid 11 (0, 


+ CH.JM 0,R --- 

C|UiC-0 


CiHi-C’-CHl'O 

HflO T ROi(’IIjU—C-0 

C(H, 


? H 

CiHj—C -CH.CO.R 


CnHfc— (J; -CHiri) s n roiCIM' 


fyn ' ] 

coil cT&’JcOilBj 


OH 


(I) 


V [oh 

UH, 




CrfT.-r CHjOOjH 
Ho,rnjC 

(U) 


Y-diphenyl-a,S-diliydrnmuconir arid). With this material a double ring 
closure was accomplished by treatnirnl with acetir anhydride-sulfuric 


on 



acid, giving, by the spontaneous aronmtization of the original diketone, 
6,12-dihydroxychryscnc (III) as thr ncet\l derivative. A modification 
of the synthesis was introdured by von Braun and Irmiseh, 77 who obtained 
two stereoisomcric enters suitable for the double eyelization by the dimo- 
lecular reduction of methyl cinnamatc: 


2CbH.CH =CJ1C0|CH| 


AiaijO^ (VT.CHCIl.CO.nl. 
( , l n 1 cm , ii,co l cii. 

(mrso and rac. forma) 


The corresponding acids (IV) on ring closure gave the cis and trans forms 
of diketohcxahydrochrysenc (V), and after reduction of the carbouyl 
groups the two 5,6,11,12,13,14-hcxahydrochry senes lVI) were converted 
into chrysene by dehydrogenation with selenimn. The method has been 
improved and extended by R. Robinson 7S and by Vogel. 70 

» Bwhkc, Ann , 384, 143 (1>U]) 
n von Braun and Irauach, Btr , 64, 2461 (1031) 

* Ramw and R. flohuuon, / Chrm. Soc , 607 (10 W), T^ain, Raniairr and R Rubinwn, ibid , 1412 
(1035); R Hobmaon and P G. Yoniw, ibtd , 1114 (10JO) 

" Vogel, Naturr, 131, 402 (1UJ3) 



» BENZOLOGVES Of PHENANTHRENE 



(cis and tnuu) (cia and trans) 

Chrysene &1bo has been prepared as follows by methods which are 
essentially phenanthrene syntheses and which will be described later: 
by the Pschorr method h0 (page 28), by the Pcrlman-Davidson-Bogert 
method 81 (page 77), by the Bardhan-Sengupta (page 76) and Haworth 
(page 71) methods, 83 and by a diene synthesis (page 110). Picene 
(L. piceus, pitch) has been synthesized by the Bccond of these methods 
(Ruzicka and Hosli, loc. cit.). It is of interest that chrysene (b. p. 453°) 
distils with mercury 83 (b. p. 365.5°) at a temperature of 347°. 

Thelefhohic Acid, a Fungus Pigment 

Zopf 84 in 1880 isolated from a funguB of the species Thelephora a pig¬ 
ment which forms beautiful crystals closely resembling potassium per¬ 
manganate in color and which was called thclephuric acid. Many years 
later Kogl, in the course of his extensive studies of the fungus pigments, 
found on improved method of extraction with the use of pyridine and he 
and his collaborators 88 were able to collect 1.5 g. of thelephoric acid. 
With the use of micromcthods this amount sufficed for a complete eluci¬ 
dation of the structure. Analyses and tests established the fact that the 
substance is a quinone having three hydroxyl and two carboxyl groups. 
The presence of the phenanthrene nucleus was determined by zinc dust 
distillation, followed by oxidation of the resulting hydrocarbon (II), the 
product being identified as phcnanthrene-2-carboxylic acid (III). The 
character of the side chain was revealed when the hexahydro derivative 
(IV) was submitted to oxidation, one product being adipic acid (VI). A 
second acid, which was also obtained by the oxidation of thelephoric acid 
with alkaline hydrogen peroxide, was identified as the hydraxytrimellitic 
acid, V. The isolation of this degradation product establishes the struc¬ 
ture of one of the terminal rings. The location of the two hydroxyl groups 

■ WnlaanMok Mid I<u>b. Uanatah, S3. B« (1912). 

« Conk and Ilowett, J. Chm Sac , 109k (1933). 305 (1934), Huiirka and HMi, Brit Chm Acta, IT. 
470 (1334) 

■ ID Hawortb and Mann, J. Chm Sac , 1012 (193d) 

■ Dookrr, Bet , 61 ,1336 (1934). 

■ Zopf, Bat. EtihMB, 09 (1883). 

* KB 0 , Eixbban and JlMekf, Ann., 432,103 (1930). 
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in the ring carrying the side chain at position C, was determined in 
another degradation. On protecting the hydroxy 1 groups by acetylation, 
the quinonoid nucleus could be opened by oxidation, giving a diphenic 
acid derivative, VII On dcrarboxylation this gave a tnhydroxydiphenyl 


Triacetyl H(1 

thelephnnc acid au " 



HOOC HC 
VII (as acetyl derivative) 



(VIII), which was identified by synthesis, use being made of a special 
reaction of quinones with diazonium compounds: 
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On reduction of the substituted quinonc, followed by demcthylation, a 
product was obtained identical with VIII. 

Xylindein (C <4 H 2b O, 1 ) > a green dye from decayed beechwood, also 
appears to contain the phenanthrene nucleus, 80 but the investigations of 
the strurture of the substance are still far from complete. 

Phenanthrene Alkaloids 

In the course of the investigations in the field of the alkaloids it has 
become apparent that a rather considerable number of these plant prod¬ 
ucts contain as a characteristic part of the carbon framework a partially 
reduced phenanthrene nucleus Without attempting a detailed review 
of the specialized and complicated chemistry of these substances, it will 
be of interest to consider briefly the characteristic features of their struc¬ 
tures and the nature or the evidence upon which the structures are based. 
Of prime importance in the investigations was the degradation of the 
alkaloids to phenanthrene derivatives and the identification of these sub¬ 
stances by synthesis, and it is this phase of the work which is of particular 
interest in connection with the other subjects included in the present 
volume. 

The Morphine Group. Most prominent among the alkaloids of the 
phenanthrene group are the opium alkaloids morphine (Gr. Morpheus) t 
codeine (Gr. ltodeia, poppy head) and thebainc (from a kind of Egyptian 
opium produced at Thebes). 87 On arrount of the analgesic, hypnotic, 
and calmative properties of the alkaloids or their conversion products, 
these drugs have become indispensable in modern medical practice in 
spite of their dangerous habit-forming character, and the chemistry of 
the three related compounds has been the subject of active investigation 
since the discovery of morphine in 1803. Nearly twenty different mor¬ 
phine formulas have received consideration in the course of the work 
and, on account of the peculiarly intricate nature of the problem, the rigid 
proof of the structure of the alkaloid is still incomplete and the synthesis 
is a problem of the future. The formula of Gulland and Robinson, 88 
however, although not proved beyond all question is generally arrepted 
as representing the true structure of morphine. This formula, I, which 
is conveniently abbreviated as in la, represents the alkaloid as a hexa- 

" KM and Erxleben, Ann , 484, IV. (1930) 

■ For an excellent account of the rhamulrv of thro jub'tanm, with complete refpnncee, See L F 
Small, "Chemistry of the Opium Alkaloid*," U B Treasury Department, Supplement No 108 to the 
Public Ifraltli Reports (1932) 

■ Giilland and R. Robinnon, Mm r-roc Manchtitrr hit Phil .Sot , 09,70 (1020). 
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hydrophenanthrene derivative having a phenolic hydroxyl group (C B ), a 
secondary alcoholic group (C n ), an oxide bridge between positions 4 and 
5, and an ethanaminc chain,—CH i CH 2 N(CH a )—, inserted between posi¬ 
tions 9 and 13 and constituting a part of a six-membered heterocyclic ring. 

Codeine is the phenolic methyl ether of morphine and can be prepared 
from this substance by mcthylatinn, best with phenyltrimcthylammonium 
hydroxide (which docs not give quaternary N-nlkyl compounds). Because 
of its relatively slight tendency to cause habituation, codeine is used 
extensively in medical practice, and since it is present in opium in smaller 
amounts (0.2-0.8%) than morphine (7-15%), the methylation process is 
one of considerable importance. Since it is a secondary alcohol, codeine 


HO 



Morphine 




CiOi 



can be oxidised to the ketone codcinone, which forms a connecting link 
to thebaine. This alkaloid is the methyl ether of the enolic form of codei- 
none. On hydrolysis of the enol ether group with dilute acids, thebaine is 
transformed into codeinonc. 

The Morphol Cleavage. The formation of phenanthrene as a prod¬ 
uct of the zinc dust distillation of morphine was observed as early as 
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1881," but by the use of gentler methods it was found possible to obtain 
substituted phenanthrenes which provided much more information regard¬ 
ing the structure of the alkaloid. When, for example, morphine methiodide 
iB heated with acetic anhydride, the nitrogen is cleaved from the molecule 
and the chief product is the diaoetyl derivative of 3,4-hydroxyphenan- 
threne, or morphol.* 0 The changes occurring are best illustrated by an 
example of a stepwise degradation by the Hofmann exhaustive methyla- 
tion method. The quaternary base obtained in solution by the action 
of alkali on codeine methiodide loses the elements of water when the 
solution is heated and yields a-methylmorphimetliinp. A double bond 
is introduced at C,-C 10 on rupture of the nitrogen-containing ring. 



Codeine methohydi oxide a-Mct hvimni phimrt hine 



0-Methylmorphimethine Methylmorphol 

a-Methylmorphimcthine on acetolysis yields the cleavage products meth¬ 
ylmorphol (the 3-methyl ether of morphol) and ethanoldimethylamine, 
both substances being obtained as the acetyl derivatives. A part of the 
material escapes aeelolysis by being converted into the more stable isoin- 
eride, jS-methylmorphimethine, through the migration of the double bond 
from C,-C, to C B -C 14 . The 0-methine can be converted into methyl¬ 
morphol by vigorous treatment with sodium ethylate. In partial explana¬ 
tion of the reactions it may be observed that in the case of each methine 
the central nucleus has a dihydrobensenoid structure but that the side 

M VongeriDhten and Schrdtter, Ann , 210, 800 (1881) 

N 0 Fischer and Vonsmohim, Bar, 10,792 (1BBQ) 
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chain at G I( offers an obstruction to the aromatisation of th« ring, The 
tendency to assume the completely aromatic condition evidently is so 
great that the obstructing group is eliminated. The reaction is Compli¬ 
cated, however, for it involves also the elimination of the alcoholio group 
at C ( and the opening of the oxidio bridge. 

By a variation of the degradation the oxide ring fc retained in the final 
product, aB, for example, when a-methylmorphimcthine is exhaustively 
methylated and the quaternary base submitted to thermal decomposition. 
A normal decomposition would involve only the Iobb of trimethyl amine 



mcthohydroxule 


and water, with the production of a vinyl derivative, but the reaction pro¬ 
ceeds beyond this stage and gives a phenanthrenc derivative from which 
the entire side chain has been eliminated. 

Morphol and morphenol, in the form of their acetyl derivatives or 
ethcrB, were obtained as degradation products at an early stage in the 
investigations, 90 ’ 91 and the importance of determining the structures of 
these substances was recognized from the start. The chemistry of phenan- 
threne had been so little explored, however, thnt it was nearly twenty 
years before Vongerichten, from a series of simple but significant obser¬ 
vations, succeeded in solving the problem. He had found that diaoetyl 
morphol can be oxidized to a characteristic phenanthrenequinone (1886), 
and concluded that the two hydroxyl groups of morphol arc not situated 
at C, or C, 0 . It was further observed 9S that the quinone obtained on 
hydrolysis, morpholquinone (3,4-dihydroxy-9,10-phenonthrcnequinonc), 
has an affini ty for mordanted fabrics which characterizes the substance 
as an ortho dihydroxyquinonc similar to alizarin. A relationship between 
morphol and morphenol was established by the conversion of the latter 
substance into the former by reduction with sodium and alcohol.** At 
a later date it was shown that morphenol can be converted on hydrolytic 
cleavage with alkali into a trihydroxyphenanthrene. 94 Finally Vonge- 

1 Vonmithtm and Bchrattar, Btr . 15, MB4 (1882). 

■ Mm, Oid.. 31,2021 (1898). 

« Tim, Oid., 31,8198 (1808). 

M Id*m, Oid., SI, 1821 (1900). 
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Morphrnol 

richtcn DB found that acetyl morphennl can be oxidized to a phenanthrene- 
quinonei showing that the oxide bridge is not linked to the central nucleus. 
Since a bridge between positions C 4 and C B is Ihe only other reasonable 
possibility! and in view of the evidence that the two hydroxyl groups of 
morphol occupy ortho positions, Vungerichten was Able to assign to the 
two compounds the correct structures. 

The Pschorr Synthesis. Recognizing the impoitance of providing 
a rigid proof of structure in these and other cases, Pschorr had undertaken 
an attack of the problem by the synthetic route, and in 1896 he developed 
a general method for the synthesis of phenanthrene derivatives DB which 
was to have wide application in the subsequent investigations of phenan¬ 
threne alkaloids. Phenanthrene and some of its simple derivatives were 
prepared by the new method 97 and, following the appearance of Vonge- 
richten’s paper of 1900, Pschorr confirmed the structure assigned to mor¬ 
phol by the synthesis of dimcthyhnorphol. 08 As applied in this case, the 
first step in the Pschorr synthesis consists in the condensation of vic.- 
o-nitrovanillin methyl ether with sodium phenylacetate The n-phenyl- 
o-nitrocinnamic ncid is converted through the amine to the diazonium 



salt, and under the catalytic influence of copper powder this loses nitro¬ 
gen and hydrogen chloride and yields u phcnanthrenc-9-carboxylic acid. 

■ Voimcnuhten, Bar , 33 v 362 (1000) 

« Pwhorr, ibid , 29, 498 (IBOfl) 

" Pschorr, Wolfes and Rurknw, ibid , 39, 182 (1000), Pscbur, ibid , 33, 170 (1000) 

"Pschorr tad SiunulBanu. ibid , 33, 1810 (1000) 
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The product of decarboxylation in the above caBe proved to be identical 
with the dimethyl ether of morphol. 04 The npethod was found to be gen¬ 
erally useful for the synthesis of phenanthrene derivatives of known Struc¬ 
ture," and it was possible to establish the structures of the methylmoiphol 
obtained from codeine, and of thebaol, a degradation product obtained as 
the acetyl derivative by the acetolysis of thebaine. 





+ HOCHjCHjNHCHi 


Arntyl thrl)Hiil 


Substitution products of both o-nitrobenznldehyde and phenylacetic 
acid can be employed in the Pschorr synthesis for the production of a wide 
variety of polysubstitutcd phenanthrones, but a difficulty was encountered 
in the attempt tn synthesize 3,4,5-trimetliuxyphcnanthrcne for compari¬ 
son with the triiuethyl ether of the substance resulting from the hydrolysis 
of the oxide ring of morphcnol. 1 Starting with vic.-o-nitrovanillin 
dimethyl ether and m-methoxyphcnylncetic acid, the phenanthrene ring 
closure of the diazonium salt theoretically can take place at either of the 



ortho positions fl or b in the original ring of the mcthoxyphenylacetic acid. 
Pschorr found that a mixture of the 3,4,5- and the 3,4,7-trimethoxy- 
phenanthrene-9-car boxy lie acids indeed is produced, but he succeeded in 
overcoming the difficulty by blocking the ortho position b with a bromine 

h Pschorr indoihworluni Brr , S3,132A, 1^21 (100 1 )), 34,3308 (1Q01J, 35,1400, 4412 (1002)] 30,8106 
(1D06J 

* Pschorr, Ann , 301, 40 (1012). 
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atom which subsequently was removed from the phenanthrene derivative 
by reduction. Mayer investigated other cases in which a ring closure in 
two directions iB possible and likewise obtained mixtures, 1 and he encoun¬ 
tered difficulties in effecting the decarboxylation of certain alkylated 
9-phenanthroic acids.* 

An interesting modification of the Pschorr synthesis was introduced 
by WindauB, 4 who was interested in preparing 9-methylphenanthrene* 
for comparison with a degradation product obtained from the alkaloid 
colchicine (page 3B). In place of phenylacctic acid Windaus used as 
the component with the active methylene group a substance oxindole, 
which also contains, in the position ortho to the side chain, a latent amino 
group which later is available for the ring closure: 

d"* 

One advantage of the method is that ketones ran he employed in the con¬ 
densation as well as aldehydes, making available 9-alkylphenanthrenes. 
The desired 9-mrthyl derivative was obtained from the starting materials 
acetophenone and oxindole. The condensation product (I) was hydroge- 




+ 





nated, and the amine (III) obtained on the hydrolysis of the cyclic amide 
was converted to the methyl dihydrophenanthrene carboxylic add V 


1 F. Mayer and Belle, Ann , 40), 107 (1014); see also Rapeon and Robinson, /. Vhnm Soe , 1583 (1085). 
1 F Mayer and English, Aim , 417, 00 (101B) 

4 Windaus and Eiqkol, Btr , 57, 1871 (1084) 

■ Windaus. II. Jensen and Schramms, iM„ 57,1875 (1034). 
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through the diazomum salt (IV). The ester of the acid was converted into 
the urethane, VI, and this was subjected to hydrolysis. An aminodihydro- 
phenanthrene, which would lie expected as the primary product, was not 
observed for it apparently loseB the elements of ammonia at once and 
giveB the hydrocarbon (VII) directly. 

Apomorphine. In the years following Pschorr’s initial discovery, 
hiB synthetic method proved to be of inestimable servico in the investiga¬ 
tion of the opium alkaloids. The complete characterization of morphol, 
morphenol, and the ethers of these compounds served to establish the posi¬ 
tions of the three oxygen atoms in morphine, codeine, and thebaine and 
to indicate the nature of their respective states of combination. The 
method introduced by Pschorr was also of great assistance in elucidating 
some of the remarkable transformations of which these alkaloids arc capa¬ 
ble. One reaction of particular significance is the conversion of morphine 
by dehydration with acids into apomorphine: 




The dehydration is accompanied by a molecular rearrangement, the ethon- 
amine chain being displaced from C t1 to C a . The oxide ring is also 
opened in the course of the reaction. The driving force for the change 
probably is derived from the tendency of the terminal ring to assume the 
aromatic condition after the dehydration to a dihydrobenzenoid nucleus. 
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The transformation is a complicated one, and before the fact of a rear¬ 
rangement was established it was the sourre of misleading inferences 
regarding the structure of morphine. 

Pschorr was able to establish the structure of apomorphine with com¬ 
parative ease by the application of the above methods of degradation 
and synthesis. 1 On elimination of the nitrogen by successive exhaustive 
methylations a vinyl group was left as a residue of the original ethanamine 
chain. To determine the position of the vinyl group, and consequently 
the point of attachment of the nitrogen chain, the vinyl compound (1) 



was oxidised to an acid (II) and this was converted by the Curtius method 
through the azide to the urethane and the corresponding amine. On 
hydrolysis of the diazonium salt and inethylation, an ether (III) was 
obtained which was identified as 3,4,8-trimethoxyphcnanthrene by its 
synthesis acrording to the standard method. The structure assigne d to 
apomorphine on the bnsiB of these results was fully confirmed by two inde¬ 
pendent syntheses of the dimethyl ether. 

On the one hand, Avenarius and Pschorr 7 condensed 3,4- d i i nethoxy- 



Apomorphinc dimethyl ether 

• FMIioit and aomnUni. Bn , 39.4377 (1902), 30,8124 (1906) j 40,19S4, IMS, 1998,2001 (1207). 

* H. Avestniu am) Pachorr, ibtd., 02,821 (1020) 



SYNTHESIS OF APOMORPHINB 


2-nitrobenzyl cyanide with a-hyd r oxy-N-methyltctr ahy droisoquinoline, 
eliminated the nitrile group from IV by hydrolysis and decarboxylation, 
and reduced the nitro compound to an amine (V). The dihydrophenan- 
threne ring was then closed by the diazotization procedure of the regular 
Pschorr synthesis and the product (VI) was identified as apomorphine 
dimethyl ether. 

Spath and Hromatka 9 employed a method involving both a synthesis 
of the heterocyclic ring and a phenanthrene ring closure. 2-Nitrohomo- 
veratryl chloride was condensed with 0-phenylethylamine and the amide 
(VII) was submitted to cyclization with phosphorus pentoxide in boiling 
xylene solution (Bischlrr-Napicrnlski reaction) in order to produce the 
dihydroisoquinoline derivative (VIII). This was converted through the 
methiodide to the mcthochloridc (IX), which on treatment with tin and 
hydrochloric acid was reduced to a tetrahydroisnquinoline with simul¬ 
taneous reduction of the nitro group, giving X. The final phase of the 


CHiCk 
CH*r 





CH,0 
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CH, 

CH* 

ni ch. 
CH* 


(X) 


Apomorphine 
dimethyl ether 


synthesis consisted in treating the diazntized amine with copper powder, 
as in Pschorr’s general method. The ether was identified in the form of 
a benzoylation product. 

The Structure of Morphine. Supposing the ring systems of morphine 
and of apomorphine to be the same, Pschorr suggested in 1902 a “pyridine- 
formula” for morphine corresponding to the structure eventually estab¬ 
lished for apomorphine, but the formula was not long sustained. In apo¬ 
morphine the terminal carbon atom of the ethanaminc chain is joined 
to the nucleus at C H , but in 1907 KnoiT and Horlein 9 discovered evidence 
which definitely excludes this position as a point of attachment in the 

1 Spath and Hromatka, Brr , 02.325 (1D24) 

■ Knorr and Hdrlrin, »6td i 40,3341 (1007). 
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case of codeine! and hence in the case of morphine. The investigations 
were concerned with pseudocodeine, one of three isomers of codeine which 
can be obtained from the chloride of this unsaturated secondary alcohol. 
The primary product resulting from the treatment of codeine with thionyl 
chloride, phosphorus trichloride, or phosphorus pcntachloride is called 
a-chlorocodide. When a-chlorocodidc is heated with hydrochloric acid 
or when it is heated above the melting point in an indifferent solvent it is 
converted into an isomer, 0-chlorocodide. The two chlorides on hydrolysis 
yield mixtures of isomeric alcohols, one of which, isocodeine, is known 
to be the epimeric form of codeine, the isomerism being due to a different 
spatial arrangement of the hydroxyl and hydrogen at C 0 . The relation¬ 
ship is indicated in the formulas with the use of full and dotted lines to 
represent a projection of the substituent on one or the other side of the 
plane of the ring. That codeine and isocodcine differ only with regard 
to the configuration at C a is fully established by the fact that both sub- 



Codeme 


I_ 




(with lfiomerb) 


stances yield the same ketone, codeinone, on oxidation. Knorr definitely 
established the presence in codeinone of an oxygen atom at C 0 by degra¬ 
dation to 3,4,6-trimethoxyphenanthrene. 

Although there is opportunity for similar isomerism in the case of 
the chlorocodides, it is probable that /l-chlorocodidc is not the epimeric 
form of the a-compound but a structural isomer in which the chlorine 
atom is located at C B . 10 The changes evidently arc complicated, but for 
the present it will be sufficient to consider the products resulting from 
the hydrolysis of the two chloro compounds. 

The halogen atom of a-chlorocodide, and to a lesser extent the chlorine 
atom of /J-chlorocodide, shows a degree of reactivity reminiscent of that 
of allyl chloride, and these chlorocodides can be hydrolyzed by prolonged 
boiling with dilute acids. Each substance gives a mixture, in different 
proportions, of the alcohols isocodeine, pseudocodeinc, and allopseudoco- 
deine. Pseudocodeine and allopseudocodeine are epimers, for they yield 

_ "“SohM rad Hindi, Ann , 489. 224 (1931), L F. Small, "Chemistry of the Opium Alkaloid*,” pp. 
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the Bane ketone on oxidation. The oxidation product is known as pseudo- 
oodeinone, and it is a structural isomer of codeinone. From the degrade* 
tion of pseudocodeinone Knorr and Horlein obtained an ether identical 
with syntlietic 3,4,8-triraethoxyphenanthrene, proving that the carbonyl 
group is located at C g . It is evident that a structural change occurs in 
the formation of pseudocodeine and allopscudocodeine, but that this does 
not involve the ring system is shown by the fact that pseudocodeine can 
be converted to both a- and j9-chlorocodide. The first adequate interpre¬ 
tation of the reaction was advanced independently in 1B23 by Gulland 
and Robinson 11 and by Wieland and Koralek. 12 It was suggested that 
the change is due to an a^-shift, as in an ordinary allylic rearrange¬ 
ment: 


a 0 y I 

>c-c=c-> >c-r-r- 

iii ^ i i 

n oh 

According to the later (1925) views of Gulland and Robinson, the reac¬ 
tion is represented as shown in the formulas: 



If the 8-position is involved in this reversible shift it is not available 
as a seat of attachment for the ethanamine chain as pictured by Pschorr. 
Finding Pschorr's hypothesis inrousistent with their experimental obser¬ 
vations, Knorr and Horlein proposed an alternate formula in which the 
chain is joined to the nucleus at C v Although this representation occu¬ 
pied a position of considerable prominence in the discussions which fol¬ 
lowed, it did not account adequately for the codeine-pscudocodeine change. 
The formula was later modified by Wieland by transferring the double 
bond from C B -C J4 to (VC*, in recognition of the presence of an allylic 
grouping. The same feature is embodied in the formula of Gulland and 
Robinson and the only distinction between this and the Wieland formula 
is in the location of the C. C. N. chain. 


ii Qullaikd and H. Robinson, J Chtm Soe , 123.080 (1028) 
n WfrUnd and Koralek. Ann . 433, 2Q7 (1923). 
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GuUund-Robmson (1925) 


From the brief review which 1ms been given of the main lines of evi¬ 
dence in the case it can be hcen that the last two formulas represent the 
only structures possible for the alkaloid. The positions of the three oxygen 
atoms are fixed by the degradations to phenanihrenc derivatives, while 
the attachment of the nitrogen atom at C„ is established by the relation¬ 
ship to apomorphino. The isolated double bond must be in an apposi¬ 
tion with reBpcct to the secondary alcoholic group, and iu view of the 
evidence that the alroholic group of pseudocodeine is at C,, the position 
C T -C„ is definitely indicated. The cthnnaminc chain cannot be located 
at C u , because this carbon atom is capable of becoming unsaturated 
(thebuine, jff-methyhnoiphimethine), and the only positions available 
arc C, and C n . Although an entirely rigid distinction between these two 
possibilities lins not been made, there are cogent reasons for regarding 
the Gullond-Robinson formulation as the expression of the true struc¬ 
ture. One argument is that the ready extrusion of the side rhain with 
the aroinntization of the unsaturated ring finds an explanation in this 
formula but not in that of Wieland Further support is found in the 
isomerization of a-metliylmorphimethine to j9-methylmorphimethine, a 
rhangc whieh is known to involve the migration of a double bond to a 
position of conjugation If the Wieland formulation were eoireet, the 
unsaturated linkage would be expected to migrate into the central nucleus 
and jS-methylmorphimcthine should be a naphthalene derivative. The 



0-Methylmorphiraethinc 


properties, however, arc that of a more highly unsaturated compound, 
and the alternate formulation provides an adequate explanation: the 



NEOPINE , SINOMENINE 
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side chain at C u blocks a further migration of the double bond into the 
unsaturated central ring. The evidence, 13 although not entirely conclusive, 
has led to the general acceptance of the formula of Gulland and Bobinson, 
Related Alkaloids. Closely related in structure to morphine, codeine, 
and thebainc are the alkaloids neopine, 14 isolated in small amounts from 
opium, and sinomenine, 15 obtained from a woody vine (Rinomcnium ocu- 
tum) of Eastern Asm. Ncopinc differs from codeine only in the position 
of the double bond in the terminal hvdroarumutir ring, as shown by the 



Neopino Hiiiumcninr 


fact that on hydrogenation it fields diliydrocoileme The location of the 
double linkage in question at C H -C M is established by the formation of 
0-methylmorphimcthine (page 26) on the decomposition of neopine 
methohydruxide. Sinomeninc is closely related to thchainone, an unsatu¬ 
rated ketone obtained by the action of stannous chloride on either the¬ 
bainc or codeinunc, the relationship being that sinomeninc can be con¬ 
verted into the optical antipode of tlihyrlrotlielminone. Sinomeninc evi¬ 
dently belongs to a steieochemical serns different from that of the alka¬ 
loids of the morphine group, and the Japanese investigators Kundo and 
Goto have established the presence of a mclhoxjl group at C T by a degra¬ 
dation to 2,6-dimcthoxy-3,5-clihydroxvphenanthicne. They regard the 
alkaloid as d-7-metlioxythebainone and formulate it m terms of the Gul- 
land-Robinson conception of the structure of thebainone. 



U See alto, flrndpf, Ann , 452, 211 (1927), 

M L F Small, “CSNMitry of the Opium Alkaloidi," p 205 

it Hondo and Odum, Ann , 470,221 (102*0, Jfir > M, 010 (I'JJO), Goto, Ann , 465, 247 (1D31). 
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Among the other alkaloids of Sinomenium acutwn, disinomenine 
appears to be a dimolecular product resulting from the dehydrogenation 
of the phenolic substance sinomenine. 10 Diversine, from the same Bource, 
has been shown by sine dust distillation experiments to contain the 
phenanthrene nucleus. 11 Similar evidence is available regarding por- 
phyroxine, 18 an opium alkaloid for which the structure of an endocarbonyl 
dihydrocodeine has been tentatively BuggeBted. Colchicine 18 is bIbo a 
phenanthrene alkaloid, for it has been degraded to a tetramethoxymethyl- 
phenanthrenc and to 9-methylphenanthrene. According to the formula 
provisionally considered by Windaus the substance bean some points of 
similarity to the morphine alkaloids. 



The Aporphine Group. Although the conversion of morphine into 
apomorphine proved to be of less significance in elucidating the structure 
of the alkaloid than was at first expected, the product of the rearrange¬ 
ment reaction has acquired a position of considerable importance in pro¬ 
viding a connecting link between the bases of the morphine series and a 
number of other phenanthrene alkaloids derived from the parent sub¬ 




stance aporphine. As the formulas indicate, apomorphine is the 3,4-dihy¬ 
droxy derivative of aporphine. The parent compound does not occur in 

» Goto and Klluato, dim., 481, SI (1930). 

> r Kondo and Nakajiraa, aee Chnn. Zmir , 1, 1839 (1D27). 
u L F. Small, "Chemistry of the Opium Alkaloids." pp. 207-909. 

“ Windaus, Ann , 439,5tt (1024) 



AP0RPH1NE ALKALOIDS » 

nature but it has been synthesized by Gadamer w from o-nitrotoluene and 
the pseudo base (I) of N-methylisoquinoliniiun hydroxide. After reduc- 
tion of the nitro group of II and saturation of the double bond, the 
ring was dosed by the Pschorr method. 




The alkaloids of the aporphine series are all very similar to one another 
and the majority of them arc more or less highly etherificd derivatives 
of either 2,3,5,6- or 3,4,5,6-tetrahydroxyaporphine. Boldine, glaucine, and 
dicentrine belong in the former class and they are known to be related 
not only in structure but in the configuration at the asymmetric center 
C n . Boldine on methylation yields a product identical with natural glau¬ 



cine, 81 and the same substanre has been obtained from dicentrine by 
hydrolysis of the methylenedioxy group and methylation of the resulting 
2,3-dimethoxy-5,6-dihydroxy rompound. 22 The cleavage of the methylene 
ether linkages without disturbing the methoxyl groups is accomplished 
by warming the compound with dilute sulfuric acid and phloroglucinol 2 * 
The formaldehyde split from the one molecule forms a red condensation 
product with phloroglucinol. The structure of glaucine, the key substance 
of the group, was established by Gadaineris synthesis 24 of the alkaloid 

N Gadamer, Oberlm and He lioelor, Arth Pharnt , 263, HI UQJ')) 

» Warnat, Ber , 5S, 2708 (1025), 59, 85 (1020) 

■ Oiada, / Phartn. Hoe Japan, 48, 85 (1028) [ Chan Zntr , 2, 072 (1H2S)] 

■ Bpftth and Quietensky, Bar , 00, 1882 (1027) 
n Gadamer, Arch Pharm , 249, 080 (1011) 
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from papaverine, a method suggested by the hypothesis that this rep¬ 
resents the course of the phytosynthesis. The process already had been 
carried nearly to completion by Fschorr. 23 The essential steps consist in 
the nitration of papaverine (III), reduction of nitropapaverine metho- 
ehloride (IV) to nminotetruhydro-N-methy lpapaverine (df-aminolauda- 
nosine), V, and ring closure through the dinzonium salt. 



Papaveiiiio 


d{-l)iccntrinc lias been synthesized by a similar method and the natu¬ 
rally ocruriing d-base obtained by resolution 20 The structure of boldine 
was established by the application of the standard methods which have 
been developed for the investigation of partially alkylated members of 
the scries. Having established the positions of the oxygen atoms by the 
conversion to glaucine, Warnat 21 sought to locate the mcthoxyl groups 
by oxidation. If the two protected groups had been in the same ling they 
might have appeared in a benzene di- or tri-rarboxylie acid, but apparently 
both of the terminal rings were destroyed in the process for only oxalic 
acid was obtained Warnnt’s conclusion that enrh nucleus contains a 
phenolic group was later confirmed by Schlittler, 27 who oxidized boldine 
diethyl ether (VT) and obtained the methyl ethyl ether of nor-m-hemi- 



piiuc acid (VII). On account of the symmetry of the acid VII, this obser¬ 
vation was not sufficient to establish the positions of the groups in the 


» Pwlinir, Stahlm a in(l SilbrrWh, Brr , 37,102G (1004) 

"11 I) Hworth.W H Perkin jun and J Ranlun,/ Chem Soc , 2018 (1025), 20 (1920) 
» Hfhlitiler, Bar , M, 9R8 (1033) 
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ring in question, for the seme acid would result if the methoxyl and ethoxy] 
groups were interchanged. 

To complete the evidence Schlittler chose the synthetic approach, while 
Spath and Tharrer 28 independently and at the same time undertook the 
Hofmann degradation of the diethyl ether VI. This ether, which ia pre¬ 
pared with the use of dittzoethone, was converted in succession to a methine 
base, to an alkoxyvinylphenanthrene, to an alkoxyphenanthroic acid, 
finally to the dimethoxydiethoxyphenanthrene VIII, which was identified 
by synthesis according to the lXchorr method. Bchlittler’s synthesis, 
employing the amide IX, involved a Bischler-Napieralski isoquinoline 
ring closure, N-methylation, and a phenanthrene ring closure. The final 
product, X, was a racemic mixture and a comparison with boldine diethyl 
ether was made by the convenient method introduced by Gadamcr. 88 On 
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reaction with ethyl chluiocarbonate the nitrogen ring is cleaved and the 
center of asymmetry destroyed. The ester XI proved to be identical 
with the material prepared from the natural alkaloid. 

Similar methods of investigation led to the elucidation of the struc¬ 
tures of two additional members ol the 2,3,5,6-Mibstilutcd series, lauro- 
tetanine and artinodaphnine. These alkaloids are secondary bases, and 
since they lack the N-mcthvl group characteristic of aporphine they are 
regarded as derivatives of nornpnrphine 

m Bpdth and Thairer, Btr , 66,904 (193d) 

» Oadu&Br and Knopk, Arch Phnrm . 359,1 V> (1931) 
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Four of the alkaloids of corydalis have been iound to be alkyl deriva¬ 
tives of 3,4,5,6-tetrahydroxyaporphme The structures are shown in the 
accompanying formulas. 





Two mcmbeis of the aporphine group have been found by Barger and 
Girardet 14 to contain blit three atoms of oxygen. Pukateine JS has the 
structure of 4-hy(lroxy-5,6-methylcnedioxyaporphine I while laureline* 8 
is 3-methnxy-5,G-inethylenedioxyaporphine A related alkaloid laure- 
pukine JT is either 3,4-methylenedioxy-5,6-dihydroxyaporphine or the 


" Structure Splth and Btnuhid, Brr , 61, 2393 (mt) Sp&th and Tharrrr, Bit , 66, IHM (193d), 
Barger and hilhencmnidt, / Chrm Sac , 2919 (1R2H), Barger, J Ciaenbrand, L Eiaenbrand nod Srhlittler, 
Brr , 66, 450 (1033) 

u Structure Ghone, Krishna and SchhttLrr, Hrlv Chm Acta, 17, 919 (IBM) 

■ Structure Sp&th and Berger, Bn , 64, 2038 (1931) Synthesis of eorytubinne dimethyl ether 
Hpftth and Hromatka, dnd , 01,10B2 (]92S) 


_ Gudwner, Arch Pharm . 249,49S 603 (1011) Gadamer and Kuntac, ibid, 240, 608, 

(1011) Hyntheaia of the methyl ethpr Gullaod and R D Hauorth, J Chm 8a c , 1132 (1928) 

N Barger and Gimrdcl, Hr It CAim Acta , 14, 4B1 (1931) See also Goto, Ann , 521, 175 (1035) 

* Byntheeia of Z-pukateine methyl ether. Barger and Bchbtter, BAv Chm Ac fa, 15, 381 (1032) 
■ Bynthews- B«hlittler, ibid , 15, 394 (1932) 

* Girardet, ibid , 14, 504 (1981) 
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3,4-dihydroxy-6,7-methyIenedioxy compound; by Analogy with all of the 
other aporphines, the former structure appears to be the more probable. 
Domesticine BB contains one phenolic group, a methoxy, and a methyl- 
tii^dioxy group, but the structure has not been completely elucidated. 

While the synthetic preparation of ethers of the alkaloids has been 
of great value in solving problems of structure, it would be of further 
interest to produce partially alkylated compounds of the type found in 
nature. With this end in view, the direct synthesis of phenolic apor- 
phines is being investigated by both Japanese and English workers.** 
The hydroxyl groups are best protected during the synthesis by means 
of the benzyl group, for this can be removed under such mild conditions 
of hydrolysis (concentrated hydrochloric acid at 50°) that methoxyl 
groups in the molecule remain intact. 

Genetic Relationships. One of the most striking outcomes of the 
investigations in the field of the alkaloids is the recognition of many close 
structural relationship* between individual members of the broad group. 
The interrelationships among the various phenanthrene alkaloids of 
opium and among the aporphinc alkaloids of rorydalis have already been 
indicated, but it is possible aho to diRCCiTi c^nse associations between 
different groups. That the bcnzvlisoqmnolinc alkaloids, papaverine, lau- 
danine, laudanosine, and narcotine are of a molecular pattern very simi¬ 
lar to that of the bases of Ihe apurphine group is clearly shown by Ihe 
syntheses discussed above, for example, the synthesis of glaucine from 
papaverine. A still closer relationship is evident in the formulas of iso- 
corydine, laudanine, and laurntetanine. If the two aromatic nuclei of 
laudanine were linked by dehydrogenation at positions a and b, the prod¬ 
uct would have the structure of iRocorydinc. The ortho position c is also 
available (rotation of the lower ring), and a ring closure between positions 



a and c would lead to a 2,3,5,6-substituted aporphinc, N-methyllauro- 
tetanine (or 2-demethylglaucine). The exact correspondence in the loca- 

" Kituato, Ckrm Zenir , 1,105 (1927), 2, 1035 (1927;. Ouda, tbtd , 2,672 (1D28). 

» Rondo and Iiliiwata, Bn, 04, 1533 (1931). OuHaod, Ro* and BtocIUp, J Chm. Bar , 2885 (1931). 
Dougina and QuHand, ibid, 2893 (1931). 
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tion of the methyl groups in the first case may be only a coincidence, but 
the above relationship unquestionably accounts for the preponderance of 
apoiphine alkaloids with substituents at cither the 2,3,5,6- or the 3,4,5,6- 
positions. 

It is interesting that the hypothetical ring closures pictured above are 
not without analogy. It will be recalled that Erdtmann (page 6) suc¬ 
ceeded in effecting a phenanthrene ring closure by the oxidation of a 
tetrahydroxydibenzyl of structure quite similar to that of laudanine. It 
will be observed in the formulas above that the positions a, b, and c are 
either ortho or parn to an activating hydroxyl or methoxyl group, as in 
Erdtmann’B compound. The union of two phenolic ncuclci by oxidation 
is a well-known proresH, although aromatic ethers do not exhibit BUch 
a reaction. Considered from this point of view it would appear probable 
that in the course of the phytosynthesis mrthvlation occurs subsequent 
to the establishment of the aporphine ring system. 

It should be observed that the benzylisoqumoline alkaloids theoreti¬ 
cally can undergo intramolecular cyclizntion in still a different direction, 
as suggested by the following formulas: 



Laudiinnsinc d-TetiHhviiropalm.it m 

The rmg system ol d-tctrahydropalmatin is characteristic oi corydaline, 
the principle alkaloid ot the corydahs plants, and of berberine, an impor¬ 
tant constituent of plants of the genus Bcrbcris . 

Of some twenty-three alkaloids which have been isolated from opium, 
five belong to tin* morphine group and the remainder arc either bcnzyl- 
isoquinoline derivatives or simpler substances related to the latter alka¬ 
loids as either building units or by-products of the phytosyuthesis. A 
relationship between the two principal groups may be inferred both 
because the substances occur together and because morphine enn be corre¬ 
lated with the benzylisoquinoline alkaloids through apomorphinc and the 
aporphines. A closer relationship has been suggested by Gulland and 
Robinson 40 and by Srhopf, 41 who picture the benzylisoquinoline alka¬ 
loids as the natural precursors of the morphine compounds. Laudanosine, 
for example, may be supposed to become hydrogenated in the isoquinoline 

4i fiiillanri and II Rohimnn. Afrm Prat Umchaatar Li I Phil Sac , M, 79 (1923) 

«■ Hchflpf. Am , 452,211 (1927). 
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nucleus end demethylated, except for the N-methyl group. If, in the 
hypothetical formula I, ring A is revolved through an angla 0 f 180° about 



Moijihmp 


the axis of the dotted line, the formula ran be written as in la, ring H 
being distorted from the hoxuguiiiil airaugeinent. Ring closure is liirngined 
as taking place at the carbon atom (a) of nn original bridge head and this 
consequently is the point of attachment (C n ) of the ethanaminc chain 
in the final product. In this way it is possible to conceive the phyto- 
synthesis of the complex ring system of morphine from hcnzylisoquinoline 
alkaloids or their progenitors by a process involving no readjustment of 
the carbon skeleton. 42 

The Problem of Drug Addiction. Certain nnrrotio drugs, among 
whieh morphine and cocaine are the outstanding examples, possess inval¬ 
uable medicinal qualities combined with the insidious property of addic¬ 
tion. Morphine is valued chiefly for its powerful analgesic action 
(deadening of pain), but even where it possible 1 lo control the use of 
the drug to legitimate needs for medicinal purposes the continued use of 
morphine in rases of recurring illnesses is fraught with great danger on 
account of its ability to produce progressively increasing tolerance and 
because of the distressing abstinence symptoms arising when it is with¬ 
held from a tolerant individual. The rocainc problem has been in largo 
part solved, at len4 from the point of view of medicine, through the 
substitution of the synthetic substance procaine, an effective local anes- 


« \n alternate 1iypofhw-l*» *hirh wwuniM n mnl« nbir n-'irrim^niwnt hu bw»n diHUirntd by R. Robin - 
von and Sugamwa, J. Chm Soc, 3103 (1931 ) 
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thetio having little or no addiction properties. In the hope of providing 
a means of effectively oombatting morphine addiction in a similar man¬ 
ner, a series of investigations of the chemistry and pharmacology of the 
opium alkaloids was initiated in this country in 1929. Cooperative 
research on the problem is being carried on under the National Research 
Council at the Universities of Virginia and Michigan in conjunction with 
various branches of the government service. 41 The primary object of the 
work is to find a drug or drugs capable of replacing morphine in Borne of 
its uses in medicine without causing addiction. 

The chemical research group at Virginia, headed by L. F. Small, has 
followed two main lineB of attack, the modification of the morphine mole¬ 
cule (Small, Luts), and the ByntheBis of simpler compounds having vari¬ 
ous features of the morphine structure (Mosettig, Burger, van dc Kamp) 44 
Prior to this work it was well known that codeine, the phenolic methyl 
ether of morphine, has a comparatively low addiction property, and 
although the drug is less powerful than morphine in analgesic action it 
ran replace the more dangerous drug in many instances if used in large 
doses. A comprehensive atudy of a number of phenol-phenol ether pairs 
whirh were prepared by the Virginia group and tested pharmacologically 
at the Michigan laboratories has definitely shown that the presence of 
the free phenolic group at C, is important for the depressant and analgesic 
action of morphine a« well as for its pffert on respiration Conversely, 




Dihytlroilrboxy. 

morptunp-D 



Diethylamraomrthyl- 
3-phraunthryl carhinol 


the alcoholic hydroxyl group at C b appears to be inhibitory to these 
actions of morphine. Methylation or acetylation 48 of this hydroxyl 
results in increased activity, and the effect is Btill greater when the group 
is completely eliminated, as in the deBoxymorphines. One member of 
the series, dihydrodesoxymorphine-D (II), exerts an analgesic BCtion over 
ton times greater than that of morphine and the general depressant effect 
is 30-40 times as great Since the compound is only about three times as 

U While. Stunn, 123,97 (I'm) 

« EdmuDda, Eddy and Small, J Am Uti Amoti , IN, 1417 (IBM) 

« Eddy and Uowea, J Pharmacol , 53,430 flDlJ) 
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tone as morphine it may well be of value in medicine and the substance 
has been submitted to clinical trial. 

How much of the morphine ring system is important to its action is 
still a matter of conjecture, but it has been established that the opening 
of the othanamine ring, as for example in a-methylmorphimethine, 
results in a great loss of the typical morphine effects. Although the com¬ 
plex ring system is still beyond reach by synthesis, the work on compara¬ 
tively simple derivatives of phenanthrene and diphcnylene oxide never¬ 
theless has yielded encouraging results. 3-Phenanthrol is mildly depres¬ 
sant and displays some degree of analgesic action. A second phenolic 
group, particularly when located at C U) further strengthens the actions. 
The open-chain aminohydroxy compound III exhibits very typical mor¬ 
phine-like effects. With all of the isomeric substitution products of 
phenanthrene which have been tested the activity is greatest when the 
attachment is made at the 3-position. Among the synthetic products so 



far obtained the highest analgesic action is exhibited by 3-(l,2,3,4-tet- 
rahydroisoquinolino) -4-hydroxy-l,2,3,4-tct^ahydrophenantb^ene. 4 • The 
compound is in Borne ways nearly as potent as codeine and pscudocodeinc, 
the effective analgesic dose being 15 mg. per kg., as compared with 10 mg. 
per kg. for codeine. Further developments in the field will be awaited 
with great interest. 

At the beginning of the work on the problem progress on the synthetic 
side was retarded by the necessity of developing the fundamental chem¬ 
istry of the substitution products of phenanthrene. With many lines of 
investigation now pointing to phenanthrene as a fundamental structural 
unit of prime importance to natural products exhibiting a wide variety 
of physiological effects, the rapid advancement in the chemistry of the 
hydrocarbon can be looked for in the near future. Unlike its isomer, 
phenanthrene has found little use as the basis for dyes and such few 
investigations of the hydrocarbon as have been made since its discovery 
in 1872 have been prompted for the most part by interest in natural 
products. For example, A. Werner’s studies of sulfonation and 

• Mofittif Burger, /. Ant Chon. Roc , 57, 2189 (1985). 
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J. Schmidt's studies of nitration wore instigated with the object of pre¬ 
paring morphol from the hydrocarbon. Each of the important phenan- 
threne syntheses had its origin in considerations similar to those which 
prompted Fschorr to develop his classical method. With the interest in 
phenanthrene chemistry enhanced by the many important discoveries 
in the period 1930-1935, the long neglected hydrocarbon has acquired a 
position of new significance and of major importance. 



Chapter II 
Resin Acids 

The exudations of pine and fir trees are composed mainly of two 
types of materials, acidic resins or resin-forming substances, and essen¬ 
tial oils. The Iresh, limpid secretion from the tree is a solution of the 
former substances in the oils nud is known as an olcorcsin or crude tur¬ 
pentine. On aging, the more volatile oita evaporate, somo oxidation 
orrurB, and the material forms a viscous gum and then, if in the form of 
a thin film, a hard, glass-like resin. Substances of thin type, which con¬ 
tain the bulk of the acidic constituents in modified form, are often found 
as fossil resins after the plant has decayed. The copal and kauri copal 
of various tropical trees arc obtained largely as fossil resins. The most 
abundant resins, however, me those obtained from living trees. The 
essential oils are removed from the oleoresina or gum rcsina by Bteam 
distillation, the distillate atlordiug oil of turpentine. This consists prin¬ 
cipally of a mixture of terpeue hydrocarbons. The non-volatile part 
forms a hard, resinous mass of varying degrees of color. The most plenti¬ 
ful and commercially important resin prepared in this way is the rosin, 
or colophony, obtained along with oil of turpentine from American pines. 
By suitable treatment, rosin can be converted in good yield into the sub¬ 
stance known as abielic acid (L abu s, fir (reel, the best known of the 
resin acids. 

Abietie acid is not an original constituent of the tree secretions and it 
apparently is not present ns such to an appreciable extent in rosin. It 
arises as a transformation product of the natural, primary ncids in the 
course of the preparation and further treatment of rosin, possibly through 
a succession of intermediate forms. Rosin appears to be a mixture of 
acids in various stages of transformation. The original oleoresin acids 
are very sensitive to the action of mineral acids and to heat, and they 
are easily oxidized by the air. Changes occur during storage and under 
the influence of the mild heat treatment involved in the steam distillation 
of the essential nils from the crude gum turpentine. Tt is not an easy 
matter to determine if a substance isolated even under the mildest 
conditions is a primary constituent, but a number of different acids 
apparently belonging to this category have been characterised. Nearly 
all of these substances have the same composition as abietie acid, namely 
C,„H, b COOH, and are convertible into abietie acid under the influence 
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of bent or on treatment with acids. 1 Examples of "sapinic” acids which 
arc easily converted into abietic acid are the “aleppic” and "pinic” acids 
(m.p. 148° and m.p. 120°) obtained by Dupont 3 from Finns halepensis 
and Pinvs pine a. In the same class is the i-pimaric acid (m.p. 162°, 
[a] D -282°) from P. excelsa, 1 * from the American P. paluatm* and from 
French galipot, 1 the sirupy, semisolid oleoresin from cluster pine 
(P. pinaster). 1-Pimaric acid is isomerized to abietic acid by hot glacial 
acetic acid. The amount obtained from galipot is less than two per cent 
of the total, and all of the primary resin acids appear to occur in admix¬ 
ture with several other isomeric substances. Both the isolation and the 
characterization of the original acids is complicated by their tendency 
to isomerize and by their sensitivity to oxidation. A small amount of a 
neutral, vaguely characterized companion of the acids known as ‘‘resene” 
appears to catalyze the oxidation. 0 Because of these difficulties, and 
probably bIbo because of the tendency of the closely related substances 
to form mixed crystals, many of the early reports are subject to question 
and the information regarding the primary constituents of the reBins is 
still very incomplete (see page 68). 

The Preparation of Abietic Acid from Rosin. The conversion of rosin 
into abietic acid was at one time thought to involve a hydration. Solu¬ 
tions of rosin in aqueous alcohol or aretic acid when prepared at moderate 
temperatures deposit no crystals of abietic acid and do not respond to 
precipitation tests for this Bubstanrc, but a considerable amount of abietic 
acid can be obtained after the solutions have been boiled for some time 
This was regarded as an indication that rosin consists principally of the 
anhydride of abietic acid, 7 but the true anhydride iB quite different in 
properties from rosin, 8 and there is no evidence that the water present in 
the solvents enters into the reaction. Ruzicka and Meyer * perfected an 
earlier method 10 of preparing abietic acid which is directly contradictory 
to the hydration theory. They distilled rosin under high vacuum (at 
pressures lesB than 1 mm) at 200-210° and obtained a glassy distillate 
(00%) which crystallized readily from alcohol. It appears that the con¬ 
version of rosin into abietic acid involves only an isomerization. 

The isomerization of rodin can be accomplished both by heating and 
by treatment with acids, but in each case there is danger of carrying the 

■ Dupont, Bull uk cktm, [4], 29,71B (1921) 

1 Idrm, ibid I [4], 35, 879 (1024), Dupont and Dubourg, ibid , [4], 39,1929 (1926) 

■ Dupont, Comp* rmd , 172,1378 (1021) 

«Pnlkin and Harm, J Am Chem Soe , 55, 8677 (1033) 

' Huiirka, Balan and Vilim, Hrf* CAm Ado, 7,458 (1924). 

1 Keeler, Lowy and Faraghor, J Am Ohm Soe , 49,2B9B (1927) 

' Knecht and Hibbrrt, /. Sac. Dyers and Colour , 38, 150 (IBID) 

1 Fonrobort, Chem UmockanFattt, OeU, Wachst Hone, 30,873 (1Q2Q) 
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process too far. Abiotic acid is more stable than the primary adds of 
the oloorcsins, but it in turn can be converted into isomeric substances 
("pyroabietic acids”) characterized in general by their positive rotation, 
in contrast to the levorotary abietic acid, and by higher melting points 
(6-10°). Ruzicka and Meyer 8 found that the acids produced by isomer- 
ization of abictic acid at 300° and by treatment with acetic and hydro¬ 
chloric adds still contain two double bonds. The further changes prob¬ 
ably are due to stereochemical rearrangements or to migrations of the 
double bonds. 

The fact that abictic acid represents only a relatively stable phase in 
a long scries of isomerisations has been a source of much confusion. 
Some samples of the acid prepared from rosin probably represent more 
extensively isoinorized products than others. The problem of identifica¬ 
tion is a difficult one and the melting point alone does not provide a very 
reliable criterion of purity. The melting point of abictic acid iB not 
sharp and some decomposition may occur at the melting temperature. 
A further complication is that the melting pointB of the pyroabietic acidB 
are only slightly above that of very pure abietic acid. A high melting 
point may indicate secondary isomerization rather than a great purity 
of the sample. The identity of preparations from different Bpecies of 
pines is still subject to uncertainty. In order to compare the “pinabietic 
and” from n liquid resin resulting from the sulfite wood process in 
Scandinavia and Finland with abietic arid from rosin, Aschan and Levy 11 
undertook a joint study of the products of oxidative degradation, but the 
results were inconclusive. 

The methods of preparing abictic acid from rosin wliirh nre regarded 
as being the most reliable are those employing the mildest conditions for 
the isomerization. Steele’s ,s method is both reliable and convenient, 
and it has been much employed in the studies of structure. Rosin of 
good quality (not oxidized) is dissolved in 98% acetic arid and the 
solution is boiled for two hours, filtered, and cooled. Abietic acid 
separates in crystalline condition and is obtained in a fairly pure state 
and in about 40% yield after one recrystallization from acetic acid. 
Ruzicka 18 adopted the Steele method after finding that material pre¬ 
pared in this way (m.p. 159-161°, [«ln-77°) was entirely comparable 
with that obtained by high vacuum distillation. Another method 14 
depends upon the formation of o crystalline acid salt of the composition 
C 1# H2 B COONa.3C 1 ,Tl2BC()OH (m.p. 175°). This complex is sparingly 

u Anhmn and Levy, Btr. t 00, 1023 (1027) 

i» Efeele, /. Am. Chm. Boc , 44,1333 (1922). 

ii Ruiicka and Scfalni, ffdv Chin. Acta, 6, 0fl2 (1923). 
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soluble in alcohol, whereas the normal sodium salt dissolves easily in 
this medium and docs not tend to crystallize. The acid salt provides a 
convenient means of isolating abiotic acid, but it is necessary first to 
isomerize the rosin in order to obtain a precipitation. 4 In the method 
of Dupont, 14 and in the more reepnt modified procedure of Palkin and 
Harris, 111 rosin is isomerized by boiling a solution of the material in alco¬ 
hol with hydrochloric acid. After the addition of the proper amount 
of sodium hydroxide the arid sodium salt separates in a crystalline con¬ 
dition. The free acid, m.p. 170-174°, [a]n-102°, is easily obtained in 
good yield in this way, hut it is doubtful if the material is identical with 
that produced by the methods described above. The mineral acid may 
produce secondary isomerizations. 

The substances of the abiotic acid group arc among the most abun¬ 
dantly available and the cheapest of organic acids, Rosin is an impor¬ 
tant article of commerce, the bulk of the world’s supply coming from 
this country. The rosin produced in the United States has been valued 
at about forty million dollars per annum, about 60% of the material being 
exported. The crude sodium salt, “sodium resinatr” is used for sizing 
paper and it is also employed as an admixture in the manufacture of 
yellow laundry soap, the aqueous solution bring colloidal and having 
detergent properties The liquid esters of abiotic arid, including the 
glyrcryl rsters, are useful as plasticizers and softeners in the manufacture 
of nitrocellulose lacquers. Mangnncsp and robalt rcsinates, consisting 
essentially of the normal, benzene-soluble salts of abirtir acid, are impor¬ 
tant driers for pnint oils and varnishes Rosin is also used as n flux in 
soldering, for rosining violin bows, as a rnulking material, etc. 

The Preparation of d-Pimaric Acid. It was stated above that Frenrh 
galipot, chiefly from P. pinaster (maritima), contains an unstable primary 
acid, I-pimarir acid, which is convertible into abietir acid. Galipot also 
is the source of another acid which is isomeric with f-pimanr acid but 
which is entirely distinct from this substance and from all of the acids of 
the abiotic acid group. The substance is dextrorotatory and is known 
as d-pimaric acid, but it is not the optical antipode of l-pimaric acid and 
even the carbon-skeleton is different from that of the members of the 
abietic acid series (see below). Unlike abietir acid, d-pimaric acid 
(m.p. 211°, (a]n + 75°) is stable to heat and to mineral acids. The 
unsaturated acid forms a crystalline hydrochloride from which it can be 
regenerated by treatment with quinoline. 10 The preparation of d-pimario 
acid from fresh galipot involves no isomerization but only extraction 

U Palkin anil Huns, J. Am Clum Sac , M, 1085 (1034). 

» Ruiirln and BbIm. Ann , 400, 202 (1028). 



conversion to retene a 

with ether and crystallization of the acid or of its sodium Ralt, the yield 
l cing about 2%. 17 

The Relationship of Abiotic Acid to Retene. Chemical investigations 
of the acids of rosin were undertaken in the early part of the nineteenth 
century. The name acid waB first applied by Baup 18 in 1826 

to a product obtained from i J mu£ abits, Much of the early work had to 
do with the isolation of acids from different sources; and many substances 
of doubtful individuality were described and named in the couisc of this 
work. It gradually became recognized that the acids most suitable for 
the investigation of structure arc rf-pimaric acid and abietic acid which, 
in contrast to many primary resin acids, arc stable, or comparatively 
stable, substances. Attention was directed particularly to the more 
abimdant abietic acid. The occurrence of the acid in conjunction with 
terpencs suggested a relationship to these substances, hut a still more 
enlightening relationship was that established between abietic acid and 
the aromatic hydrocarbon retene, C 1 h H ip . 

A hydrocarbon preparation which apparently was esscntinlly retene 
in an impure condition was described as early as 1837 by Trommsdorff, 10 
who studied a substance found by Fikcntsrlicr in fossilized pine wood 
from a peat bod, along with fichtelite (see beiow). The hydrocarbon was 
obtained in a purer form in 1858 by Knau^s from the pine tar oil resulting 
from the destructive distillation of pine wood nr of rosin. This material 
was studied and described by Fehling 20 and by Fritzsche. 21 Pure retene 
(Gr. rhetine, pine tree) is a colorless, crystalline Bubstance melting at 
98-99°. Only small amounts of retene were obtained from the technical 
oils produced industrially by the high temperature distillation of resins 
and olcorcsins, but in 1887 patents were assigned for a method of increas¬ 
ing the yield of retene by heating the nils with sulfur until no further 
hydrogen sulfide is evolved, followed by distillation of the residue. 22 The 
pine tar oils probably contain various products of the pyrolysis of abietic 
acid. In 1903 Vestorberg 2 * submitted pure abietic acid (C in Il a( ,COOH) 
to reaction with sulfur and obtained retene (C, JI,J a* the chief product. 
This is the first instance of the dehydrogenation of a hydroaromatic com¬ 
pound to a completely aromatic type. The method of dehydrogenation 
introduced by Vesterberg lias been of the greatest importance in the 
investigation of other natural products, as will be detailed in later chap- 

1 T Ruiirln and Bulan, fob Chun Art *. 6, fi77 (11231. Ru.irkii, dp Gnuiff, Goldberg and Frank, Aid , 
15, 9] R (1932) 

* Baup. Ann rtim pJiv* . [21* *l»WR flS2fl) 

* Trommndorfr, Aon , 21,120 (1S37) 

" Frilling, Aid , 106, 3RR (IHftf). 

« Fritmrhe, J profit Chm . 75, 2R1 (1RSR); B2, 321 (ISfil). 

B Sr# for example, Brr , 21B, 563 (1RR8). 

“ Veaterberg, md. t 36,4200 (1003). 
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ters, and in the case of abietic acid Vestcrbcrg’s observation provided a 
most valuable clue to the structure of the eubstunce. Retene contains 
all but two of the original carbon atoms of the resin arid and the struc¬ 
ture of the hydrocarbon was in large part already known at the time when 
it became a matter of importance in resin acid chemistry. 

The Structure of Retene. Comprehensive studies of retene and its 
derivatives were carried out by Wahlforss 24 in Finland in 1869 and by 
Ekstrand 2,P| in Sweden in 1877, but neither investigator was able to arrive 
at a very clear conception of the structure. Bamberger 20 started work 
on the problem in the Munich laboratory in 1884 and among other obser¬ 
vations he characterised an orange oxidation product, first prepared by 
Wahlforss, as an ortho quinnne closely resembling phenanthrenequinonc. 
The colored retenequinnne could be reduced to a colorless hydroquinone, 
it yielded a qumoxnlinc derivative, and it could be oxidized to a dicar- 
boxylic acid resembling diplienic acid. The qmnone presented a per¬ 
plexing problem, however, for although it could be obtained from retene 
under the conditions employed for the preparation of phenanthrenequi- 
none, and although retene could be regenerated on zinc dust distillation, 
the analytical figures available did not indicate Ihnt the quinnne and the 
hydrocarbon are related to one another in the normal manner. There 
were other apparent contradictions in the early work and although a 
number of derivatives and degradation products of retene had been pre¬ 
pared in a pure condition the relationship between (hem remained obscure 
until special attention uas given to the problem of analysis in the inves¬ 
tigations of Bamberger and Hooker 27 It was disro\crcd that many of 
the compounds of the retene group bum with great difficulty and that 
macrocombustions eonducted in the ordinary way with a copper oxide 
filling often lead to erroneous results By using a verv small sample, 
mixing it with lead chromate, and conducting the combustion in a tube 
packed with lead chromate, Bamberger and Hooker were able to obtain 
accurate analytical results Several of the empirical formulas previ¬ 
ously assigned were found to require revision, and the new formulas made 
it possible to interpret the older observations and to extend the work on 
a rational basis. In a very short time Bamberger and Hooker were able 
to untangle the accumulated observations in the field and to carry the 
determination of structure nearly to completion. 

In the most important series of degradations it was established con¬ 
clusively that retene is an alkyl derivative of phenanthrene and that the 
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central ring is the one involved in the formation of the quinone. The 
oxidation of retenequinone (I) with alkaline permanganato proceeds by 
way of a bensilic acid rearrangement and results in the elimination of 
one carbonyl group from the quinonoid ring (see page 15). The 
character of the oxidation product IT will be discussed below. The 






(VI) 


product of fuither oxidation, 111, was slinun to be a fluorenone dicar- 
boxylic acid by its conversion to fluorenone (IV) and diphenyl (VI). 
The presence of two carboxyl groups in tho fluorenone derivative III 
shows that the C,II jr) -residue of the quinone (I) must be distributed 
between two alkyl groups. The location of one of these groups can be 
inferred from the fact that the tricarboxylic acid V easily forms an 
anhydride whereas the dibasic arid Ilf dues not do so. One carboxyl 
group must be in the ortlm position to the carbonyl giuup of Ill and to 
the carboxyl group which is liberated in the fusion with alkali. It iol- 
lows that an alkvl group of the original quinone is situated at Ci, adjacent 
to a quinonoid carbonyl group. 

According to this evidence retenequinone is either a diethyl- or a 
methylpropyl-phenanthrenequinone, and the character of the keto acid 
(II, above) obtained as the first oxidation pioduet distinguishes between 
the two possibilities Since the carbon atom lost in the formation of this 
keto acid is known to come from the quinonoid nucleus, the four carbon 
atoms of the original alkyl groups are still intact. The carboxyl group 
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of the oxidation product (II) could not have come from an ethyl or 
propyl group without the loss of carbon and it must have arisen from a 
methyl group. The second alkyl radical therefore is a propyl group, 
and a choice between the normal and the branched chain structure can be 
made from the fact that the keto acid II contains one oxygen atom not 
accounted for in the carbonyl and carboxyl groups. Since the n-propyl 
group is not susceptible lo partial oxidation, while on isopropyl group 
con be hydroxylated by alkaline pcrmangnnatr, the degradation product 
may he assigned the structure VII. Ectenc is a mcthylisopropylphcnan- 




threne, in which one of the nlkyl groups is located at C, nnd the other i" 
at some position other than C 2 , C„ or C in . 

This much of the structure of retene was established by Bamberger 
and Hooker in 1885. The problem of locating completely the alkyl 
groups remained unsolved for twenty-five years, although isolated obser¬ 
vations 28 indicated that the methyl and the isopropyl groups probably 
arc situated at C x and C T or at C 7 and 0,. Finally m 1910 Burlier 29 at 
Brown University achieved a complete proof of stiurturc in a scries of 
brilliantly executed oxidations. By the artion of potassium perman¬ 
ganate on retenequinone in pyridine solution, Bucher obtained a tribasie 
hydroxy acid (IX) in which the carboxyl groups nt C\ and C,> obviously 
come from the opening of the quinonnid ring. While diphrnir acid itself 



sublimes unchanged, although it can he converted into an anhydride by 
the action of acetyl chloride, the degradation product (IX) forms an 
Bnhydride on being heated at the melting point. The third carboxyl 

■ Fortner, Iftiutth , 25,443 (1004), Lux, Uni , 21,703 (IMS) i Srkultir, Ann , JOd, 130 (1001) 
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group therefore ig ortho to one of the other groups end may be placed 
at Cji corresponding to position in retene. The alkyl group originally 
occupying this position could not be the isopropyl group, for the C ( *nsidue 
is still retained in the product in a hydroxylated condition. The carboxyl 
group appearing at C, in the oxidation produrt comes from a methyl 
group at C, in retene and retenequinone. 

Some indication of the position of the isopropyl group was furnished 
by Bucher's observation that the fluorenone diearboxylic acid (X) of 
Bamberger and Hooker yields hemimcllitic acid and trimellitio acid on 
oxidation with potassium permanganate, showing that the unlocated 



carboxyl group in the dibasic arid (X) is in the ring not occupied by the 
first group and at either C,. or C 7 . A final decision was obtained by the 
degradation of Bamberger and Hooker’s hydroxyfluorenone carboxylic 



acid (XI). The position of the carboxyl group liberated on opening the 
fluorenone ring of XI by alkali fusion is not known. The more probable 
formula is that (XII) in which the new group is as far removed as pos¬ 
sible from the group already present. Since both of the groups were 
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eliminated y after reducing the alcoholic hydroxyl group, the point is not 
important to the argument. The final oxidation gave the known diphenyl- 
4-carboxylic acid (XV), showing that the isopropyl group of rctenc is 
located at C 7 . Rctenc therefore has the struct me of l-methyl-7-isopropyl- 
phenanthrenc. 



Retene 


The Structure of Abietic Acid. The identification of the aromatic 
hydrocarbon resulting from the dehydrogenation of abietic acid with 
sulfur establishes the arrnngcincnt of eighteen of the twenty carbon atoms 
of the resin acid. The main reaction probably is that represented by the 
equation: 

C..H.OOOH+r>S-> r w H, l +4H,S+f , IT l «UI f rOj 

Abietir arid Hrtene 

One carbon atom is eliminated as rarhon dioxide, while the other appears 
as methyl mercaptan, or possibly as methane. The yield of ret cue is only 
fair but is improved considerably by the substitution of selenium for 
sulfur. 30 Using palladium charcoal at 300-330°, Ruzieka and Wald- 
mann 31 obtained retene in 90% yield along with approximately 4 moles 
of hydrogen, 1 mole of methane, 0.75 mole of carbon dioxide, and 0.25 
mole of carbon monoxide. The loss of the carboxyl group in the course 
of these reactions provides no reliable indication of its manner of linkage, 
for acids of various kinds are unstable under the pyrolytic conditions 
employed; hut the elimination of a methyl group as methyl mercaptan 
or methane shows that this group must occupy some special situation in 
the abietic acid molecule. Since the methyl and ihopropyl groups which 
survive the reaction appear as substituents in the aromatic rings of 
retene, the group eliminated must have occupied a position not available 
for substitution in the dehydrogenation product. A methyl group must 
be situated in an “angular” position between two rings: 





i> Dials and Kantenn, Bar , 00, 2323 (1027) 

11 Ruifoka and Wald maim, HHt. Chtm, Aria, 10,842 (1033). 
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Such a substituent, whether it ia an alkyl, carboxyl, or hydroxyl group, 
will be referred to as a tertiarily bound, or nrercly a “tertiary," group, for 
it ia situated on a (quaternary) carbon atom whirh is joined to three 
other carbon residues. 

Abietic acid appears from this evidence to be l-mcthyl-7-isopropyl- 
perhydrophenanthrene (I) with a methyl gioup at any of the positions 



C„, C 12 , C ia , or C 14 , and with an unlornted rarbnx\l group. In the for¬ 
mula the nuclear hydrogen atoms are omitted for convenience and the 
three rings are numbered in the same sequence as the carbon atomB. 
Since the number of rarbon atoms in the rc^in acid is an even multiple 
of the Cvisoprenc unit, and sinre the acid occurs along with various 
terpenes, all of which arc known to be constructed of condensed isoprene 
groups, it was earlv suspected that abietic acid is n diterpenc acid, and 
the hypothesis that the carbon skeleton is resolvable into four isoprene 
residues served as a useful guide in considering the most probable formu¬ 
lations. More evidence was required, however, to limit the number of 
possibilities in terms of the "lRoprcne rule." 

The composition of abietic acid is such as to indicate the presence 
of either two double bonds or two additional rings. The acid is unsatu¬ 
rated 32 to permangannte and to halogens, and extensive studies of vari¬ 
ous addition reactions ha\e indicated clearly the presence of two 
cthvlenic linkages The addition of two moleculrs of hvdrogen bromide 
was accomplished by Levy, 81 who also succeeded in obtaining a tetra- 
hydroxyabietic acid by oxidation with permanganate under controlled 
conditions. 34 Jluzicka and Meyer 35 isolated a dihydroxy acid under 
similar conditions. In the presence of platinum catalyst, abietic acid 
readily absorbs one mole of hydrogen, and a tetrahydro derivative is 
formed more slowly 0 The molecular refraction or the esters of abietic 
acid 0 and the behavior of the acid toward pcrbcnzoic acid 86 also point 
to the presence of two double bonds The action of ozone is anomalous, 
for abiotic acid forms a triuznnidc, perhaps ns the result of a dehydro- 

■ U Kim the LtpbcniiHnii-Hnrili.ini tent (p«c 117) ilmivtprulir nf uiinatuntcd iteroK U Unde. 
/ Am Cfirm 8oc , 55, ISM (1933 ) 

■ Levy, Ber , 40, (1*107); Z awm Chtm , 81,145 (1913) 

m Lew, Bf , 42, 4 10S (1900), 50, 1302 (1920) 61, 616 (1928) 

■ Ruauka and J Meyer, II fh Chtm A rin, 6,1007 (1923) 

■ RuaickE, Huyser and Seidel, Her tna ehtm , 47, 363 (102B) 
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genating action of the reagent or through the formation of a molecular 
compound.' 

Evidence that the two double bonds are conjugated is furnished by 
the observation 17 that abietic acid esters form diene addition products 
with maleic anhydride. Although the determination of the location of 
the unsaturated centers in a complicated ring system iB a particularly 
difficult matter, especially in a case where the bonds appear to be rather 
mobile, there are two picres of evidence indicating that the conjugated 
system is associated with the ring (II) carrying the iBopropyl group. Oxi¬ 
dation with nitric acid 38 gives the aromatic trimellitic arid as one degra¬ 
dation product. The 1^2,4-acid rannot come from ring I or ring III, and 
the fragment must arise from the ring (II) carrying an alkyl group in a 
0-position. If this ring has a dihydrobcnzrnoid structure, as in the partial 
formula (a), the arnmatization under the influence of nitric acid is under¬ 
standable. Independent evidenre that the isopropyl group is attached to 



an unsaturated carbon is furnished by the isolation of isobutvric acid as 
one of the oxidation products of abietic arid, 8 ® 140 indicating the presence 
of a double bond at either C,,-C 7 or C 7 -C k : (CHJ^CHC^CH— 

-> (CIJ.ljOIICOOH. The above disposition of the diene system is 

regarded as providing the best account in stercorhemirnl term® of the 
Diels-Aldcr reaction with maleic anhydride. 

On energetic oxidation of abietic acid with potassium permanganate the 
unsaturated ring is destroyed along with the central nucleus. Ruzicka 40 41 
isolated from the reaction mixtures a C,..-acid and a 0,,-arid which are 
identified as containing the original ring T by the presence of the nuclear 
methyl group characteristic of both abiotic acid and retene. The yields 
are very poor, only 22-24 g. of each acid being obtained from 3 kg. of 
storting material, but the ncids have been isolated m both permanganate 
and nitric acid 43 oxidations. Tt will be shown presently that the acids can 
be represented by the formulas (b) and (c), the former probably being 
the precursor of the latter. The separation of the acids is accomplished 

B Runrkt, Ankrianitnnd Frank, Brlv. Chun Asia 15,1259 (1932); Arbusow, J Gin Chrm , USSR. 
2, ROfl (1932) 

■ Runrka and Pfeiffer, Hfh Ch\m Aria, 8,632 (1925) 

■ Lew. Btr , 42,4J03 (1909) 

• Runrku, J Meyer and Pfeiffer, Ilrlv Chun Arte, 6,637 (1925) 

u Runcka, Goldberg, Huyaer and Reidel, thtd , 14. 545 (1031). 

« Levy, Bn , 62,2494 (IB20) 
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either by partial esterification, or by partial hydrolysis of the ester mix¬ 
ture, Iho C,,-acid reacting more rapidly nr completely in each case. Two 
of the carboxyl groups represent remnants of ring III, while the third must 
correspond to the original rarboxyl group of abietic arid. Of the two 
methyl groups, one is that originally located at C, and the other is the 
tertiarily bound group eliminated in the conversion of abietic acid into 
retene. The latter group must be at O n or at C,„ and Ruzickn 41 was 
able to distinguish between the two possibilities by the dchydrogrnation 
(and decarboxylation) of the G,j- and Cu-neids with selenium. The 
first acid gave 1,2,3-triincthylbcnzene, the second yielded m-xylroe. The 
tertiary methyl group and the nuclear methyl group at 0, therefore bear 
the 1:3 relationship to one another and the only possible location for the 
former group is at C,.,. In confirmation of this point Ruziekn nnd Wald- 
mann 81 isolated l,3-dinirthylcyrlokr\anonr-2 in small yield in another 
oxidation. 

The most perplexing point in the determination of the complete struc¬ 
ture was the problem of locating the rarboxyl group of the resin acid, 
beyond the observation that it is situated ir ring I. To early workers 
it seemed quite signifiennt that abietic nrid cHtenfied only with diffi¬ 
culty. Piolonged boiling with alcohol containing ebmit 20% of sulfuric 
acid is necessary for complete conversion to the ethyl ester, 48 and the 
other esters are nioie conveniently prepared by methods which are not 
subject to steric hindrance, for example, by the action of alkyl sulfates or 
alkyl p-toluene sulfonates on the silver nr sodium salt of the acid. It was 
suggested as early as 1901 that the carboxyl group prohably is tertiarily 
bound, as for example at (’, or C H in the nbovc partial formula. 44 This 
idea was temporarily abandoned, however, as the result of an observa¬ 
tion made by Rusicka at an early stage in his important work on the 
problem (1922). It occurred to Rnzicka that the elimination of the car¬ 
boxyl group in the conversion of abietic acid into retene might not te 
merely a normal decarboxylation at the high temperature of reaction but 
rather the result of a special situation of the carboxyl group, such as a 


* Auiurka, flihina and J Mryrr, HrU Chim Aria, 6,1077 (1923) 
« Fahnon, Z angiu Chrm , 14,1197 (1901) 
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tertiary location. The observation 4B that ahietic arid methyl ester like¬ 
wise yields retenc on reaction with sulfur seemed to support the latter 
view, the loss of the ester group being out of harmony with the idea of a 
decarboxylation of the ordinary type. At the time, however, so little was 
known ronceming the dehydrogenation of hydroaromatic acids and esters 
that it seemed possible that sulfur regularly eliminates oxygen-containing 
groups regnrdless of their location. Consequently Ruzicka and Meyer 44 
undertook to reduce the carboxyl group completely and to determine if 
the corresponding alkyl group is eliminated on dehydrogenation. Ethyl 
abietate (RC00C 3 H,) was reduced by the Bouvcault method (sodium 
and alcohol) to abictinol (RCIT^OH), and the primary alcohol was dehy¬ 
drated by treatment with phosphorus pentaehloride, giving the triply 
unBaturated hydrocarbon “methylabietin” (O,JEI, 0 ). On reaction with 
sulfur this yielded not rctene but its honiologue, "nicthylretcnc,” C„H 20 . 
It was assumed that the extra methyl group which survives the aromatiza- 
tion is joined to the plicnanthrcne nucleus, and that the original carboxyl 
group occupies a corresponding position in one of the six-membered rings. 
This work was taken ni a proof that the carboxvl group is not present in 
tertiary linkage. 

By 1932, after the accumulation of the greater part of the other evi¬ 
dence cited above, it appeared that formulas I and II alone are consistent 
with all of the facts and at the same time in conformity with the isoprene 
ride. In that year, how ever, it was discovered independently in three dif- 
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ferent laboratories that the previous conclusions were not all valid and 
that abictic arid does not have the carbon framework of either I or II. 
Vocke 44 at Munich was the first to suggest a revision, but his results were 
not entirely conclusive. An attempted oxidative degradation of the 
diphenyl carbinol obtained from the methyl ester of tctrohydroabietic 
acid and phenyl magnesium bromide was unsuccessful, the oxygen-con¬ 
taining group being so resistant to attack as to suggest a tertiary attach¬ 
ment. Since, according to Bistrzycki, 4T secondarily bound carboxyl groups 
are rather stable to concentrated sulfuric acid while acids with tertiary 

“ Ruilrka Bud J. Moyer, Hrlt Chun Arta, 5, 581 (1922) 

« Vorlco, Ann , 497. 247 (1992). 

* HutriyrLi and V flipmimdiki. Bn , 39,51 (1006), 41, 1505 (1908), Butriyrln, RomtIce and Mauron, 
ibid , 38,839 (1905), 40,4370 (1007) 
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groups often lose carbon monoxide on warming, Voiko applied this diag¬ 
nostic test to tetrahydroabictic acid anil to ltuzickn's tribasic C n -aoid. 
The results were inconclusive, but again rather suggestive of the presence 
of a tertiarily bound carboxyl group, for these acids lose some carbon 
monoxide on being heated with sulfuric acid. Vncke then carried out a 
degradation of the C^-acid and concluded that the results were best inter¬ 
preted on the basis of formula III for this oxidation product. 4 " Energetic 
treatment with bromine and red phosphorus gave an a-bromo&nhydride- 



ucid (IV) together with the corresponding acid bromide. The — COBr 
group of the latter compound is highly nMrlani to hydrolysis, which 
argues for its attachment to a tertiary carbon atom. The elimination of 
hydrogen bromide from IV by means of alkali was accompanied by the 
loss of carbon dioxide, giving a dibasic acid of properties consistent with 
formula V. The product of manual inn was not isolated but it gave 

a positive iodoform reaction, indicating tin original Vh u () — group. 
Further oxidation of the ozonirle gave mcthylglutaric aeid (VI). As 
exported for a /by-unsaturated arid, V was converted by dilute sulfuric 
arid into a stable lactone. 

Vockc recognized that, although the degradation supported the formu¬ 
lation III for Ruzicka’R aeid, a possible, if not verj satisfactory, explana¬ 
tion of the transformations can lie given on the basis of the alternate 
formulas VII and VIII for the C n -acid ami the dibasic acid obtained 
from it. It was only with considerable reservation that Vocke suggested 



that the carboxyl group of abictic acid probably is situated at C x , along 
with the nuclear methyl group. 


■ Arbuaow ud SrhapBohinakAja, Brr, 68, 437 (1035), attempted tlie cynthewn of an acid of thii 
structure but they did not obtain a crystalline produot, ponibly because of the piveenue of several eteno- 
laomeridee. 
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Shortly after the appearance of Vocke’e paper, Ruzicka 4V reported 
the results of an investigation of the problem from an entirely different 
point of view. Ruzicka undertook to distinguish between what he had 
regarded as the two most probable formulas for abietic acid (I and II 
above) by the degradation of “methylretene.” The extra methyl group 
might be identified as a carboxyl group in a suitable oxidation product. 
In his work on d-pimaric acid (see below) Ruzicka had found that alkyl 
phcnanthrencs con be oxidized to phenanthrene carboxylic acidB by means 
of alkaline potassium ferricyanide, 50 a reaction which had been employed 
by Weissgerber and Kruber 51 in the naphthalene series. Retcnc yields 
phenanthrene-1,7-dicarboxylie acid, along with diphenyl-2,3^',4'-tetra- 
rarboxylir arid, a product of further oxidation. From “methylretene,” 
Ruzicka, de Graaff and Muller*“ obtained, instead of the expected tribasic 
add, a dibasic acid idcntirnl with the 1,7-dcrivative from rctenc. The 
additional methyl group is not in the phenanthrene nucleus! The only 
position possible is in a side chain, nnd indeed the extra carbon atom must 
be combined with the original methyl group at C, in the form of an ethyl 
group. The supposed “methylretene” is in fact l-ethyl-7-isopropyl- 
phenanthrene. 

This conclusion was reached independently and at practically the 
same time by R. D. Haworth 52 at the University of Durham. With the 
object of identifying the hydrocarbons resulting from the dehydrogena¬ 
tion of the resin acids and their derivatives, Haworth hud perfected meth¬ 
ods for the synthesis of a wide variety of alkyl phcnanthrencs. This 
work will be described in a special section, and it is sufficient at present 
to state that after synthesizing the 4-mcthyl derivative of retenc and find¬ 
ing that it is not identical with “methylretene,” Haworth was led to bus- 
pcct that the latter hydrocarbon contains an ethyl group. Tn the work 
cited, Haworth established the identity of the hydrocarbon by compari¬ 
son with a sample of l-ethyl-7-isopropylphenanlhrene obtained by 
synthesis. 

The facts could be explained by assuming the presence of the group¬ 
ing —CH s COOH at position G t in abietic acid, but a primary linkage 
of the carboxyl group is wholly inconsistent with the hindrance evident 
in the esterification reaction. A more probable interpretation, BuggeBted 
by both Ruzicka and Haworth, is that the carboxyl group is located at 


• ‘Hunch, dr Gruff ud H. J. MuUor, ffrit Chun. Ada, 15,1300 (1083). 
» Hunch, da Snuff and Uoaking, rtid., 14,333 (1031). 
u Wnmerb or ud Kruber, Bar , 53, 352 (1019). 

■ B. D. Haworth, J. Cham. See., 3717 (1032). 
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Co along with the methyl group, and that a rearrangement of the Wag- 
ner-Meerwein type occurs in the dehydration of abietinol: 



If the structures are as pictured, abietinol is an alcohol of a type suscep¬ 
tible to dehydration only by virtue of a molecular rearrangement, for it 
contains a tertoarily bound primary alcoholic group This view of the 
reaction senes was later substantiated by the results of a degradation 
which involved no dehydration Rusicka and co-workers 18 converted 
abietinol into the corresponding aldehyde and reduced the carbonyl group 
of this substance by the Wolff-Kishnei method (beating the semicarbazone 
with sodium ethylate). The resulting hydrocnihon gave rctenc, rattier 
than its homologuc, on dehydrogenation: 



Abiet mat R< trap 


The new methyl group at L\, like thnt at C,., is eliminated m the course 
of the aromatuation of the ring in question because it is tertiarily bound 
It may be inferred that the same fnctor is responsible for the ready 
elimination of the original carboxyl or carbetlioxyl group in the dehydro¬ 
genation of abietic acid or its ester. 54 

On the basis of the new evidence abietic acid has been assigned the 
structure IX, which is uncertain only with regard to the location of the 
double bonds It is interesting that the formula is resolvable into four 

■ Runokft. Wftidmitnn, Meier and Ildwli, Hilt Chun Acta, lft* 160 (1033) 

* From the work of Dsrsena [Compt rand I, IBS, 748 (1026), and Inter papers] it appears that ■ scoon- 
danly bound rarboiyl group similar to that indicated in Huiioks's early formulas for abielii acid normally 
withstands dehydrogenation with sulfur, for sxamplem the rase of4-methylr 1 .2,3,4-tetrahydrpnaphthsr 
lene-2-rarboxylir acid. That 4-methyl 1,2,3.4-tetrahvdronaphthsleue-l-carboxylio arid loan car¬ 
bon dioxide on dehydrogenation with sulfur or selenium [Derseaa and Ww, iftid, 109,1131 (1034)] can be 
attributed to the influence of the unsaturatod aromatio nng adjacent to the carbonyl group 
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isoprcnr units, as indicated by the dotted lines, although the isoprrne 
rule actually was of little value in arriving al the true structure. The 
isoprcne groups are arranged irregularly, the chain being as follows: 

C C C C 

C.C.C.C.-C C.C.C.-C.C.C.C -C.C.C.C. 

ft) (la) ni) t7) 

d-Pimaric Acid. While investigating the chemistry of abictic acid, 
Ruzirka and his co-workers made parallel studies of the arid-stable iso¬ 
mer, d-pimaric acid. 35 Degradations similar to those described above 
led to the establishment of a structural formula which is highly probable, 
if not entirely certain, and which is incomplete only with respeet to the 
location of a nuclear double bond. The chief difference between d-pimaric 
aeid and abietic acid, according to Ruzicka’s formula (I), is that instead 
of the isopropyl group at C, there is a methyl group at C, and a vinyl 
group at C 14 . 

Dehydrogenation gives the hydrocarbon pnnanthrene (II), which was 
identified as 1,7-dimethylphcnanthrcnc by oxidation to III (Ruziclca) and 
by synthesis (Haworth). The reduction of the ester of d-pimaric acid 
by the Bouveault method, followed by dehydration of the primary alco¬ 
hol and dehydrogenation of the resulting hydrocarbon, gives l-cthyl-7- 
methylphenanthrene. This was at first regarded as a "metkylpiman- 
threne,” but it waB found to yield III on oxidation and the structure was 
established by synthesis. The formation of the same C, 2 - and Cu-acids 
(IV and V) from d-pimaric acid as from abietic acid establishes the struc¬ 
ture of ring I. The production of formaldehyde as an ozonization product 
of d-pimaric acid iB evidence of the presence of the group ~ CIIj, and 
the conversion of the resin acid through the dihydroxy acid VI to the 
dibasic nor-acid (having one less carbon atom) VII Bhows that a vinyl 
group is present. Since the vinyl group is lost in the course of the dehy¬ 
drogenation to pimanthrene, and since it is not associated with ring I, the 
only positions available are C„ and C 14 . There iB no evidence on this 

■ Riuiakft and co-workm, HH ». Chim Arta, 6,077 (1033); 7,870 (1024); 14, 233 (1031); 15,015,1330 
1300 (1032), Ann., 400,202 (1928); Rbc tna. chim., 47.383 (1028). 
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point, but a rlioice is possible on the basis of the isoprene rule. The 
formula above, in which the vinyl group is placed at C 14 , is divisible into 
four isoprene units while this is not tine with the vinyl group at C,,. 
The arrangement in formula I is regular; 


C 0 C 0 

c.c.c.o —c.c.oc —u.cr.u —c.6.c.c\ 

(11 (12) (111 .7) 

The two double bonds differ considerably in reartivity, and from the 
formation of the dihydroxy acid VI aud its conversion to VII it may bo 
inferred that the double linkage of the vinyl group is more reactive than 
the unlocated nurlear double bond. Hydrogenation in the presence of 
platinum black proceeds only to the dihydro stage even in warm glacial 
aretic acid solution, while a mixture of tetrahydro compounds can be 
obtained with the use of Adams’ platinum oxide catalyst. With perbensoic 
acid the first atom of oxygen is taken up rapidly and the second one Blowly. 
The nuclear double hond appears to be inaccessible to certain reagents, 
for d-pimaric acid adds only one mole of bromine or of hydrogen chloride, 
and it forms only a mononitrosite. There are indications that the two 
double bonds arc not conjugated, and no addition product iB formed with 
maleic anhydride. 



RESIN ACIDS 


68 


The Primary Constituents of Oleoresins. Continuing an investiga¬ 
tion started by Vockc, 50 Kraft ,17 found that the oryBtalline acids obtained 
by allowing fresh resin from American slaslipines and longleaf pines to 
stand, in the absence of air, consist of mixed crystals of d-pimaric acid 
with varying amounts of l-pimaric acid, depending upon the extent to 
which it has become isomcrized to abietic acid. Kraft made the sig¬ 
nificant observation that the ultraviolet absorption spectrum of l-pimaric 
acid is suggestive of a compound having three conjugated double bonds, 
for example, such as I. The absorption maximum is at 272.5 m fi, as com¬ 
pared with 237.5m/i for abietic acid (two conjugated double bonds). 
Abietic acid probably docs not occur as such in nature, and it may owe 
its origin to the ready cyclization of primary substances of the type of I 
under the influence of heat or of acids. 



Kraft’s conclusion as to the nature of the so-called sapinie ncids, or 
primary constituents of the oleoresins of conifers, was confirmed in inde¬ 
pendent work by Ilassclstrom nnd Bogcrt. 58 Revrral sapinie acids melt¬ 
ing in the neighborhood of 140-150° nnd differing considerably in the 
degree of lcvorotation were shown to contain d-pimarir acid by hydro¬ 
genation to its dihydro derivative, which was easily isolated by virtue 
of Ub sparing solubility in methanol. The presence of l-pimaric acid was 
established by isomerization to nbirlic arid with hot glacial arctic acid. 
Recognizing the awkwardness of the designation “l-pimaric acid” for the 
labile substance, which is not related to d-pimaric acid, Hasselstrom and 
Bogcrt suggest that the name be changed to “1-sapiptic acid.” Since the 
acid is related to abietic acid and yields rctene rather than pimanthrene 
when heated with sulfur, this modification of the earlier nomenclature 
appears highly appropriate. 

Agathic Acid. Agathic acid (or “agathic dicarboxylic acid”), from 
Manila or kauri copal, is not a hydrophenanthrene derivative but it is 
isomerized by formic acid to an iso-acid having this ring system. From 
such observations as have been made, and in consideration of the isoprene 
rule, Ruzicka and Hosking 88 have suggested bb a working hypothesis the 

■ Voder, Am., 506,11 (US4) 

» Knit, M„ 520,183 (1835). 

■ IToihliniil and Bogert, J. Am Chun. Hoc., SI, 2118 (1088). 

■ Ruiirlu and HodUnf, Am., 400,147 (1929); Bit. CM*. Ada, 13,1403 (1980); 14,208 (1981). 
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structures indicated in the accompanying formulas. On dehydrogena¬ 
tion with sulfur or selenium isoagathic acid yields pimanthrcne, while 




agathic acid gives a mixture of 1,2,5-trimethylnaphthalene and pimam- 
tlirene. The naphthalene derivative piobahly is the normal product, for 
pimanthrcne may well arise as the result of a partial isomerization. One 
of the carboxyl groups of isoagathic arid is easily lost on heating, with 
the formation of isonoragathic acid, and this group therefore is considered 
to be located on an unhuturuted carbon atom. The labile group of iso¬ 
agathic acid, like the second arid group, is subject to steric hindrance, as 
shown in hydrolysis cxpminenU with the dialer. This is true of only 
one of the rarboxyl group- nf agathic acid, tb* diester being easily liydrol- 
ized to a monoestcr It is inferred that the carboxyl group which occu¬ 
pies a hindered position only after the isnmeiization is joined to a carbon 
atom involved in the formation of the new ring. 

Fichtelite. Certain fossil resins contain, along with varying propor¬ 
tions of retene, a completely satui ated hydrocarbon resembling paraffin 
in both chemical and physical properties and known as fichtelite (Gcr. 
Fichte , pine). The hvdrocaibon. m. p 40 5°, wu* fust isolated by Bro- 
meis 00 from material obtained by Fjkcutpchcr from remnants of pine 
truuks in a peat bed of tin* Fichtolgobirgc region of Bavaria. From the 
same material Trommsdurff pieviously had obtained retene, probably 
admixed with some fichtclile. The material has the appearance of dried 
pine wood and the hydrocarbons arc present m a crystalline condition 
and arc found mostly between the annual rings of the fossilized wood. 
Fichtelite and retene have been found in other peat bods and lignite beds 
from pine forests and the substaners undoubtedly romo from the resin 
acids originally present in the live trees. 

The characterization of fichtelite is not a simple matter because the 
substance is very resistant to attack by chemical agents. On the basis 
of analyses, and its occurrence with retene, the hydrocarbon was regarded 
by early workers as a perhydro derivative of retene of the formula 


i, Ann., 37,304(1*41). 



70 


SYNTHESIS OF ALKYL PHENANTHRENEB 


Ci,H la . al A definite relationship was established by tlie observation that 
the hydrocarbon yields retene on dehydrogenation with sulfur. 02 Recog¬ 
nizing that ordinary analyses do not distinguish between the formulas 
C 1S H„ and C ig H M , Ruzicka and Waldmann 03 undertook to settle this 
point by following quantitatively the dehydrogenation of fichtelite with 
palladium charcoal at 330-370°. If the hydrocarbon has the Bamc num¬ 
ber of carbon atoms as retene, the gas Rhould consist solely of hydrogen. 
Analysis of the gaB, which was obtained in 90% yield, indicated the pres¬ 
ence of methane, and the ratio corresponded approximately with that 
required by the equation: 

C||11|4-► CiiHii + Bill + OH* 

This indicates the presence of an additional methyl group in tertiary link¬ 
age. Since fichtelite probably arises from abiotic acid in the process of 
decay, Ruzirka nnd Waldmann have suggested that it has a correspond¬ 
ing structure. 




The Synthesis of Ai.kyl Piienanthuenes 

The development of synthetirnl methods suitable for the preparation 
of methyl derivatives of retene and pimanthrenc was undertaken inde¬ 
pendently in 1932 by R. 1). Haworth in England nnd by Bardhan and 
Scngupta in India with the object of identifying the supposed "racthyl- 
retene” and “mcthylpiinanthrrne.” As stated above, this objective was 
achieved. The work iR of further significance because the new methods 
later proved to be of the greatest value in the synthesis of compounds 
related to natural products other than the resin acids. The subsequent 
history differed from that of the Pschorr synthesis (page 28), which 
served the purpose for which it was designed hut found few other appli¬ 
cations. The Pschorr method was not suitable for the purpose under dis¬ 
cussion for the reason that the types of intermediates required arc not 
available. 

U Hell, Brr ., 22, 4DB (1889); Liebermann and Spiegel, ibid ,22, 770 (1880); Spiral, ibid, 22,3309, 
(18891; Bamberger, ibid., 22,635 <1880); Bamberger and Stnuwcr, ibid , 22, 8361 (1880) 

■ Bnaioka, Balaa and Schui, ffrlt. Chivt. A tin, 6, 602 (1023). 

» Ruiirka and Waldmann, ibid., 18, 011 (1035). 
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Haworth’* Synthesis. The general method used by Haworth and 
his co-workers®* consists in the synthesis and cyclization of a y-arylbutyric 
acid, followed by the aromatization of the new six-membercd ring. This 
method of obtaining polynuclear types wus by no moans new, and it had 
been employed before in the phenanthrcne series for the production of 
hydro derivatives® 5 and for the synthesis of 4-methylplienanthrene.*® The 
contribution of Haworth consisted in elaborating a known synthetical 
method and in adapting it to a specific purpose. 

Fur the synthesis of a phenanthrcne derivative, n y-napbthylbutyric 
acid is required. The most convenient method of obtaining these acids 
iB by the Friedcl and Crafts reaction of succinic anhydride with a suitable 
naphthalene derivative, followed by the reduction of the resulting 
/J-aroylpropionic arid. With naphthalene itself and in most other rases 
the reaction proceeds best in nitrobenzene solution nt a low temperature.® 7 
Al uminum chloride dissolves in nitrobenzene and combines with the sol¬ 
vent to form a molecular compound 1,s w Inch is less reactive than the halide 
itself and less destructive of the sensitive naphthalene compounds. Mix¬ 
tures of the 1- and 2-derivatives ordinarily arc obtained, but a separation 
usually is possible. In the case of naphthalene itself the pure keto acids 1 
and IT can be prepnred in yields as high as 06% and 47%. respectively " 



The 2-acid invariably is the higher-melting and lesB soluble ie&iH»jf and 
can be obtained pure by crystallization; the 1-acid is conveniently puri¬ 
fied by the distillation of the methyl ester. In some cases the 2-oeid forms 
a nicely crystalline sodium salt which affords an easy method of separa- 


«R. D Hnmwtii «nd oo-workm, J Chan »r, 112*. IL7S4. 224S 2717, 27ZO 
a fl^iipnainp Hmr S7 2003 2025 M024). Sehmeter, IT Muller and Huang, ibid , 82, Mo (1922). 

4 «b'SS8H- 

»•»'““ ■“ "•*■ 

Patent 1,750.111 (1080). 

■ Kohler, Am. Chim J , 24,385 (lMO), 27,241 (1002) 

■ Finer and Peters, J. Am. Chm. Soc. t 54, #347 (1032) 
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tion. 0-Aroylpropionic acids also can be obtained from the reaction of 
succinic anhydride with one mole of an aryl Grignard reagent, but the 
yields are very poor. 70 For the reduction of the keto acids the Clcmmen- 
sen method usually is satisfactory, although with a high-melting or spar¬ 
ingly soluhle acid it often is necessary to add an organic solvent such as 
alcohol, acetic acid, or dioxane, or to use the lowcr-melbing esters. In 
any csbc the results usually are considerably improved by providing a 
layer of toluene, for this keeps the carbonyl rompound out of contact with 
the metal and inhibits dimolccular reduction. 71 

Haworth converted the acids III and IV into 1 -keto-1,2,3,4-tetra- 
hydrophenanthrene (V) and the isomeric 4-kctone (VI) by treatment 



with 85% sulfuric acid. This convenient nirihnd is not always applicable, 
for in some cases much material is Inst through sulfnnation. Gyrlization 1 - 
of this type often arc effected in better yield by treating the acid chloride 
in a solvent with aluminum chloride or, in the case of compounds having 
a particularly reactive and sensitive aromatic nucleus, with the mildei 
condensing agent stannic chloride. The ketones V and VI serve as start¬ 
ing materials for the synthesis of 1- and 4-substituted phenanthrencs 
For example, with methyl magnesium iodide they arc converted into rar- 
binols which on distillation yield methyl dihydrophenanlhrcncs. Thc<*e 
hydrocarbons on dehvdrogcnatinn afford 1- nnd 4-methylphenanthrrne. 

One variation in the synthesis ronsists in submitting the esters of 
keto acids Buch or I and II to renrtion with one mole of Grignard reagent 
(inverse). In thi« way un alkyl group ran be introduced in a position 
corresponding to that of the rarbonvl group (formulas VII-IX). On 



attempting to prepare 4-mcthylphcnanthrcnc by this method Haworth 
found that the methyl group partially rearranged to the 1-position in the 
course of the dehydrogenation. 

vl Komppa and Rohrmann, Ann , 509, 250 T1034), Woumaan, Bliun-Becfmann nod F, Bergmanu, 
J. Cham. Sor , 1370 (1030). 

n Observation id E. L. Martin 
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Further variation can be achieved by the use of methyl succinic anhy¬ 
dride in the Friedd and Crafts reaction. The naphthalene nucleus is sub¬ 
stituted in both the a- and ^-positions (X and XI), but the carbonyl 



CHiCH co 


CHiCfo l) 



group of the anhydride which is furthest removed from the methyl group 
invariably is the one to become joined to the aromatic ring. The con¬ 
densation of an a-bromo ketone with malonic ester affords another means 
of introducing alkyl groups, for example: XII->XIII. The start¬ 



ing materials are obtained by biemulating the ketones prepared by the 
Fricdcl and Crafts reaction. 

By suitable combination ol these methods groups can be introduced 
at will at the positions C lt 0 2 , C„ and C 4 , but substitution in the second 
terminal ring of phennnthrene is not subject to so much variation. Start¬ 
ing with a- or jff-mcthylnaphthalene it is necessary to effect a substitution 
and cyclization in the unmethvlated ring, as indicated by the dotted lines 
in formula XIV, In the ease of a-inethylnaphthalcne, however, the reac¬ 



tions with succinic anhydride and with acyl halides yield exclusively the 
4-derivativcs, the ortho-para directing methyl group promoting homo- 
nuclear substitution. The direct route being closed, Haworth employed 
as starting material the methylnaphthylamine sulfonic acid XV* After 
hydrolysis of the acid group, the group at C B was replaced by a nitrile 
group and a Grignard reaction then afforded 5-acetyl-l-methylnaphtha- 
lene (XVI). With this substance it was possible to build on a ring in the 
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desired 5,6-position and to introduce alkyl groups into the new ring by 
the above methods. 

With /Nmethylnaphthalene the situation is more favorable than might 
have been anticipated from the fact that the hydrocarbon is nitrated and 
brominated almost exclusively in the 1-position. Sulfonation, however, 



under conditions favoring ^-substitution (high temperature), yields the 
6-sulfonic acid as the chief product. The 1-acid would not be stable at 
the reaction temperature and the sulfonic arid group probably avoids the 
/8-position C a partly because this is no true ortho position 72 and partly 
beeause of the steric factor. The Friedel and Crafts renrtion is also sub¬ 
ject to steric influences, and the course of substitution is often dependent 
upon the tempeiature, the nature of the carbonyl reagent, and the char¬ 
acter of the solvent. Although acvl halides condense with /8-mcthylnaph- 
thalcne in carbon bisulfide solution almost exclusively in the 1-position, 
llaworth found that with succinic anhydride in nitrohcnzcnc solution at 
a low temperature it wns possible to obtain the 6-suhstituted derivative 
in yields as high as 79%. Although an evaluation of the different factors 
has not yet been made it appears probable that the solvent is of consider¬ 
able importance and that nitrobenzene definitely favors substitution. 
Studying the action of aretyl chloride on naphthalene in nitrobenzene 
and in benzene, Rivkin 78 obtained chiefly the /3-isomcr in the former 
case and a mixture of equal parts of the a- and /3-compounds in the latter 
instance. A possible explanation is that the bulky molcrulnr compound 
from aluminum chloride, nitrobenzene, and the carbonyl component finds 
better Bpatial accommodation in the /8-position than in the a-position. 
Possibly only a slight contributory influence of the solvent or of the car¬ 
bonyl reagent is sufficient to alter greatly the course of substitution. 
Kvon with phthalic anhydride in tetrachloroethane solution, /3-methyl- 
naphthalene and 2,3-dimcthylnaphthalene yield some products of hetero- 
nuclcar substitution. 74 

Making use of the above discovery, Haworth succeeded in synthesiz¬ 
ing retene through the Berios of reactions: XVII-»XXI. It is 

necessary to hydrogenate the unsaturated acid corresponding to XVIII 
prior to ring closure, as the unsaturated compound is not suitable for 


n Finer uid Lothrap, J. Am. Chm Soe , 57,1459 (1935) 
w Hivkin, J Om. Chm , V 8 S.R., 5,277 (1935). 

» Fiewr and Peters, J. Am. Chm. See., 55.3342 (1983). 
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W 



such a reaction. The ketone is not converted directly into the aromatic 
hydrocarbon but is reduced by the Clcmmensen method and the result¬ 
ing hydrocarbon is dehydrogenated with selenium. In another series 
Haworth substituted the ethyl for the methyl Grignard reagent in the 
leartion with the ester of the keto acid XVII and obtained l-ethyl-7-iso- 
propylphenanthrene, identical with "lnethylrctene.’ 1 Pimonthrene and 
"methylpimanthrenc” were synthesised similarly, starting with /9-methyl- 
naphthalene. 

In independent work, Ruzicka and Waldmann 73 synthesized piman- 
threnequinone by similar methods: 



A methoxyl group was introduced in order to direct the succinic acid 
residue into the para position in the unmethylated ring of XXII. The 
keto acid XXIII was converted into the phenanthrone derivative XXV 
as above, and the methoxyl group was eliminated on oxidation to the 
quinone, XXVI. 


" Rumoka ud WddmmMi, HHr Chm Ada, 15. <907 C1BB3). 
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The Bardhan-Sengnpta Synthesis. The synthetical work of Bard- 
han and Sengupta 70 m Calcutta, undertaken with the same objective as 
that of Haworth and at about the same time, was still incomplete when 
the dehydrogenation products ftom the resin acids had been fully identi¬ 
fied by synthesis and by oxidation. The novel phenantlirene synthesis 
developed by the Indian chemists was to find its most fruitful applica¬ 
tions in other fields. In the simplest example of the Bardhan-Sengupta 
synthesis jS-phenyletliyl bromide is first condensed with the potassium 
derivative of cyclohexnnone-2-carhoxylic acid ester. The sodium deriva¬ 
tive of the j9-keto ester is not suitable for the alkylation. The alkaline 
hydrolysis of the substituted /J-keto ester (I) is accompanied by decar¬ 
boxylation, giving the ketone II. This is reduced with sodium in inoiBt 



ether and the alcohol (III) is heated iu vacuum with phosphorus pent- 
oxide to effect dehydration and cyrlization to ortahydrophcnantlirene 
(IV). Bardlian and Sengupta assumed that the ring is closed a« the 
result of a direct elimination of water between the hydroxyl group and 
the benzene nucleus, but other observations to be presented below indi¬ 
cate that it is on unBaturaled Ilydrorarbon formed by the simple dehy¬ 
dration of the alcohol which enters into the cyrlization. The synthesis is 
completed by dehydrogenation with selenium. The structure of the octa- 
hydrophenanthrene (IV) was established by the following interesting syn¬ 
thesis, whirh constitutes an independent route to phenanthrene. Rabe 77 

*■ Bardhan and Bencupta. / Chem Soc , 2620, 2708 (1032) 

n Rabe, Brr , 31,1800 (1808). 
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n 


had submitted 3,4-dihydronaphthoic acid ester (VI) to the Michael reac¬ 
tion with acetoacetic ester and had found that the addition is followed by 
an ester condensation, with the closing of a new ring (VII). Hydroly sis 
of the ester gave a 1,3-diketone (VIII), and the Indian investigators found 



that on reduction by the Clrimncusen method this yielded a hydrocarbon 
identical with their octahydiide. 

The beauty of the Baidhan-hcngupta synthesis is that it is capable 
of wide variation, .is will be evident from the many applications to be 
described in lutci chapter* Substitution products of both of the reagents 
required for the initial condensation are readily available. Keto esters 
such as IX are conveniently picpaud by the condensation of cyclohexan¬ 



ones with oxalic ester. Both relenp (X) and pimaiithrenc were synthe¬ 
sised by tlie new method, in the fn *t ease from the icagents indicated in 
the formulas. 



COOK 







( CH(CHi)j 


The Perlman-Davidson-Bogert Synthesis. A still simpler route to 
phenanthrcne,and one involving some of the same steps as in the method of 
Bardhan and Sengupta, was discovered independently by Perlman, David- 
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son and Bogert M at Columbia University. The first step in the syn¬ 
thesis consists in the Grignard condensation of £-phenylethyl magnesium 
bromide with cyclohexanone, giving the tertiary alcohol I. Under the 



influence of concentrated sulfuric acid this undergoes “cyclodehydration” 
with the formation of octahydrophrnnnthrcne (HI), as in the Bardhnn- 
Scngupta synthesis. The cyrlization in this case cannot result directly 
from the diminution of 1 lie elements of water, and the reartion was 
found to proceed in two steps. The unBiiturnted hydrocarbon 11 was pre¬ 
pared by brief treatment of the alcohol with 50 fo sulfuric acid or by cata¬ 
lytic dehydration with loiliur, and it was found to undergo cyclization 
to III under the influence of concentrated sulfuric acid (also with alu¬ 
minum chloride). The same unsnturated hydrocarbon undoubtedly is an 
intermediate in the Bardhan-Sengupta synthesis. The new synthesis is 
perhaps even more genernl in application and it provides a simpler means 
of obtaining the same type of intermediate for the cyclization Bogert 
and his collaborators originallv were interested in the synthesis of alkyl 
phcnanthrencs for comparison with the hydrocarbons from abiotic and 
d-pimarir acids, 38 but they have given attention chiefly to the use of the 
method for the synthesis of indanes 80 and ionencs, 81 and to studies of the 
mechanism of the cyclization. 83 Further evidence was obtained in the 
latter work that ring closure takes place by the isomerization of an unsat¬ 
urated hydrocarbon, rather than by the direct dehydration of the alcohol 
It was also found that hvdrocnrbons in which the double bond occupies 
different locations in the side chain ran form the same cycle, if in vary¬ 
ing yield. 

Although the methods of Bardhan and Sengupta and of Perlman, 
Davidson and Bogert represent romplete and original phenanthrene syn- 

w Bogert, flnmrr, 77,2R9 (1333) In n letter to thp author Professor Bogert lifts requested that the 
work hr ntpd under mnt authorship, since that is thp wav in which the completed article will bp sub¬ 
mitted for p it Ik atiou 

71 Bogert and Htamatoff, Rtc fro® chtm , 52, 5S1 (1*133) 

H Bogert and Davidson, J Am Chtm Roc , 50, IRQ (1*134) 
n Bogert, Davidson and Apfolbaum, thtd , 50, 353 (1334) 

■ Roblin, Davidson and Bogert, ibrf, 57, 151 (1935) 
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theses, the cyclisation reaction upon which they are both based been 
utilized previously by various investigators. As early as 1896 Wallach 88 
obtained hydrofluorenc derivatives by a process of cyclodehydration 
similar to that in the Bardhnn-Sengupta synthesis, although he inter¬ 
preted the reaction as a direct dehydration: 



The conversion of certain aromatic glycols into plirnyl indents was at 
first interpreted in the Bame way, 84 but it was later shown 85 that the 
eyclization is due to the isomerization of an un*nturated compound. Such 
nn isomerization has been demonstrated in the eyclization of plienylated 
allencs into indencs 88 (a) and of phonvlated butenes into hydrindenes 87 

(a) C b IIb C b IIj 
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(b). The formation of a MX-membcu'd ung bv a similar isomerization 
has been utilized by Darzuiis SH in his (’eupiul b> nthesis of naphthalene 
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« Blum-Bergnnum, Ber , 65,100 (1032), J Chem Hoc , 1020 (1030) 
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derivatives (e). Extending the method to the phenanthrene series, Dar- 
zens prepared l-methyI-3-phenanthroie acid from a-naphthylmethyl 
chloride. 8 ' The final product obtained " from jS-naphthylmethyl chloride 
was 4-methylphenanthrene, the intermediate acid being dccarboxylated 
in the course of the dehydrogenation with selenium. A cychzation of the 
same type iB an essential feature of a further modification of the Darzcns 
synthesis: 11 



(2 



H.SOj 



11 Daiirnti and I (%v. Cmpl rind , ZOO, 21H7 (1015) 
N Tim, ibid , 201,7.10 (19M) 

11 Idem, ibid , 199,1131 (19 Mj 



Chapter III 

Cancer-Producing Hydrocarbons 

Of the diseases which have challenged the resources of the modem 
medical sciences one of the most baffling is cancer. As a cause of recorded 
deaths, cancer stands second only to heart disease, yet the origin of the 
disease is still a complete mystery and generally applicable methods either 
for the prevention of cancer or for its cure have been Bought in vain. 
Treatment by surgery, X-ray, or radium is in a certain proportion of 
eases effective particularly in the enrly stages, but otherwise it offers only 
the possibility of alleviation. Generally cancer appears after the fourth 
decade, and the disease represents a condition of unchecked tumorous 
growth or cell proliferation. Normal eells multiply in an orderly manner 
and under a limiting rontrol mechanism, but with malignant cells the 
proliferation is continuous and uncontrolled. The malignnnt cells con¬ 
tinue to multiply and frequently migrate to other parts of the body where 
they set up secondary growths which often involve n vital organ, result¬ 
ing in death. Caneer is not infectious, and it probably is not "hereditary” 
in the ordinary Bcnse of the term, although with spcrinl, inbred strains 
of experimental animals susceptibility to cancer appears to be transmis- 
sahle through inheritance. Some cancers, such rb those produced by 
X-rays or by local chronic irritation, perhaps arise in the continued 
regenerative processes following injury to the epithelial eells, but the 
mechanism of the development of malignancy is still obscure. The many 
speculations on the way in which cells acquire the quality of malignancy 
remain without essential foundation. 

Since any knowledge of the manner in which cancer originates may 
pave the way for the development of methods for rombnting the disease, it 
is a matter of great interest that certain forms of occupational caneer 
have been traced definitely to the source. It berame apparent in the 
early part of the present century that workmen engaged in the distillation 
of coal tar arc particularly prone to develop cancer of the skin. The 
obvious inference from the nature and the incidence of "tar cancer” that 
it arises from contact of the Bkin with chemical agents present in the tars 
or distillates was confirmed in 1915 when Yamagiwa and Ichikawa 1 suc¬ 
ceeded in producing canrers by the long continued appliration of a coal 

i Yamathrm and Ichikawa, Jf tllrff at ri. FakulUi., toiler. Unit Tokyo, 15,293 (1915). 
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tar distillate to the car skin of rabbits. The further investigations of 
Bloch* indicated that the substances possessing carcinogenic activity 
are present in the high-boiling, neutral, nitrogen-free fractions. Kenna- 
way * found that canccr-producing tars can he obtained by the action of 
aluminum chloride on tetralin, by heating isoprenc or acetylene in an 
atmosphere of hydrogen under pressure, and by other pyrolytic methods. 

Following these observations, an intensive program of investigations 
was undertaken by Kennawny and his associates at the Research Insti¬ 
tute of the Cancer Hospital, London. It seemed probable that the car¬ 
cinogenic constituents of the tars are hydrocarbons, but all of the known 
constituents of the higher-boiling coal tar distillates were tested, using 
the mouse as the experimental animal, with completely negative results. 
The tests suggested that some unknown and probably rare constituent 
of the tar is responsible for the occupational cancer, but a Bearch for such 
a substance was rendered difficult by the lack of a rapid method of bio¬ 
logical assay. Tumors, whether spontaneous or indured, appear more 
rapidly in mice than in larger available animals possibly because the nor¬ 
mal life span is shorter, but even with mice nearly a year may be required 
to obtain positive results. Progress was at first slow, but a means of 
guiding the search more rapidly was discovered at the Cancer Hospital 
by Mayncord and Hieger (1927-1930) in the use of fluoresence spectro¬ 
scopy. Hiegcr 4 observed that tars and oils known to produce cancer in 

test animals give characteristic fluorescence spectra with bands at 4000, 

■ 

4180, and 4400A. A number of hydrocarbons of known structure were 
submitted to optical examination in the hope nf identifying the character¬ 
istic spectrum, and special attention was paid to the derivatives of anthra¬ 
cene, since fluorescence is one of the particularly striking properties of 
this group of substances. Anthracene itself has neither Lhe band spectrum 
nor the activity of the substance of unknown structure, but 1,2-benzan- 



thracenc (I) was found to give bands rather similar to those of the car¬ 
cinogenic tars but displaced in the direction of shorter wave length. 


1 Bloch and Widmer, Arch f. Dermal , 152,529 (1920); Bloch and Dretfun, ScAvms med Wochnhr , 
2, 1038 (1021). 

■ Ktum&wfty. J Path Bad., 27,238 (1924); Bnt. Med 2, 1 (1925). 

■ Hieger, Btochem J. t 24, 505 (1980). 
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This significant observation led to the examination of a large number 
of polynuclear hydrocarbons, particularly ihose derived from 1,2-benzan- 
thracene, for increase in the mass of the molecule should cause a shift 
of the spectral bands in the desired direction and might also lead to the 
development of cancer-producing properties. The desired compounds for 
the most part were prepared synthetically by J. W. Cook in a br illiant 
series of investigations 0 which will be described below Biological and 
optical investigations of the compounds were undertaken by E. L. Kenna- 
way, W. V. Mayncord and I. llieger. Among the substances Btudied at 
an early period of the work was 1,2,5,6-dibcnzanthraccne (II), a hydro¬ 
carbon which recently had become readily available through the develop¬ 
ment of a new method of synthesis (Clar, 1929). Although the corre¬ 
spondence of the fluorescence spectrum with that of the cancer-producing 
tars is far from precise, 1,2,5,6-dibcnzanthraccne was found to be an 
actively carcinogenic substance. 0 Applied to mice by painting a 0.3 per 
cent solution in henzcnc onto the skin twice weekly, the hydrocarbon pro¬ 
duced tumors in a large number of cases. For the first time it was shown 
that a pure hydrorarbon of known struc'urc is capable of initiating can- 
ccrouB growth. 

In subsequent studies the English investigators discovered carcino¬ 
genic activity in some of the simple alkyl derivatives of 1,2-benzanthra¬ 
cene, particularly those which resemble the active tetracyclic compound 
(II) in having suhstituentR in the 5- and 6-positions. Only in very rare 
cases were hydrocarbons not related to 1,2-bcnzonthraccne found to have 
carcinogenic properties, although a large number of such compounds were 
included in the study. Although the characteristic three-banded fluor¬ 
escence sped rum did not prove to be nn infallible criterion of carcinogenic 
activity, the general roincidence was sufficiently striking to warrant the 
hypothesis that the physiologically active constituents of the cancer-pro¬ 
ducing tarB are identical with those responsible for the characteristic spec¬ 
trum. The surmise proved to be correct, for Cook, Hewett and Hieger, 7 
making use of fluorescence spectroscopy, were able in 1933 to isolate a 
very actively rarcinogcnic constituent of coal tar. The quantity obtained 
from two tons of pitch by a lengthy process of distillation, solvent extrac¬ 
tion, crystallization, and purification through the picrate was such as to 
indicate an original content of at least 0.003 per cent. The substance iso¬ 
lated was a previously unknown hydrocarbon for which the structure of 
1 ,2-benzpyrene was established by synthesis. When the formula is 


„ ■ Cook, /. Chen. Sv.. 1087 (19301; 487, 4BB, 409, 3012, 2524, 2520,8273 (1831); 458,1472 (US2)| 
Cook nd Hnrstt, tbii., 1408 (1938); Cook, t bid., 1502 (1033), rad Inter papm (Me below). 

• Knrawv nd Hlwm. Bnt IStd.J, 1 , 10M (1030). 
f Cook. HewetL rod Hieger, /. Chm. Soc., 395 (1033). 
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arranged in the manner shown on the right it is evident that the hydro¬ 
carbon rontains the ring systems of 1,2-bcnzanthracenc (ABCD), chry¬ 



sene (ABED), and pyrene (BODE). The absorption spectrum of 1,2- 
bcnzpyrcnc is definitely of the 1,2-bcnzanthruccne type and appreciably 
different from those of chrysene or pyrene, although some features of the 
pyrene spectrum may ho detected.® The bond structure indicated above 
is in accordance with these observations. 

Pure 1,2-bcnzpyrene is considerably more potent than 1,2,5,6-dibenzan- 
thracenc in producing cancer in test animals, and the fluorescence spec¬ 
trum is piccwdy that ol the ouginal far except that the bands are more 
enhanced and better defined. Although the presence in the tar of other 
carcinogenic substances is not excluded, the evidence strongly indicates 
that the skin cancer prevalent among coal tar workers arises from pro¬ 
longed contact with small amounts of this substance. Along with this 
hydrocarbon, the English investigators isolated 4,5-bcnzpyrene, perylene, 
and 1,2-bcnzantkrurcne, but none of these compounds is appreciably active 
in producing cancer in mice. 

Ihe discovery of 1,2-benzpyrene probably has a significance far deeper 
than that of disclosing the origin of tar cancer and pointing the way 
to proper protection in the industries in question. This substance and 
the synthetic hydrocarbons wliirh resemble it in physiological action are 
not only capable of producing rancer of the skin, but they cause tumors 
to develop in any kind of tissue with which they come in contact. Epi¬ 
theliomas result when application iB made to the skin, but the subcu¬ 
taneous injection of the hydrocarbons leads to the production of sarcomas 
(cancer of connective tissue). With the establishment of these facts 
it became possible for the first time to define positively conditions which 
can lead to the development of the disease without the participation of 
living agents: the acquisition by the organism of certain hydrocarbons 
related for the most part to 1,2-benzanthraccne. The induced turnon 
strongly resemble those which arise spontaneously in the same animals 


1 Mayneord ud Hoe, tM Pror. Any 8oc, (London), B117, 330 (1035), A152,200 (1085). 
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and it is quite possible that the malignancy is essentially the Bame. It is 
characteristic of many forms of ordinary cancer in humans that the 
disease can spread from one part of the body to another with the develop* 
ment of a similar lesion in the new location. This is known as metastasis. 
Secondary tumors produced by metastastic transfer of cells are composed 
of descendants of cells from the original tumor and they stand in marked 
contrast to the surrounding tissues. Although the sites usually chosen 
for the administration of the hydrocarbons are not particularly favorable 
for the development of secondary growths, definite metastases have been 
obtained in several instances Clearly a knowledge of the mechanism 
whereby hydrocarbons of a particular molecular pattern are able to initi¬ 
ate malignant growth might ho of value in devising methods for the con¬ 
trol of the disease. 

Cancer muy originate in various different ways, and there was at first 
little reason to suppose that urowutic hydrocarbons play a part in the 
initiation of any but a particular form of orcupational disease. The first 
evidence indicating that this view of the situation may require revision 
came as a result of the discovery of the highly potent carcinogenic hydro¬ 
carbon methylcliolanthrenc. This Hubstance was obtained for the first 
time not by synthesis hut as a degradation product of dcsoxycholic acid, 
one of the acids of the bile, hy reactions which will be described in detail 



Desovyrholic arid Methylcliolanthrenr 


in Chapter IV. The degradation had been carried to within one step of 
completion by Wieland n as early as 1925 and after the importance of the 
transformations to bile acid chemistry bad become apparent (1932), Wie- 
lnnd and Dane 10 in 1933 completed the series and isolated a yellow aro¬ 
matic hydrocarbon of the anthracene group to which they assigned the 
name metiiylcholantbrene and the formula shown above. 

When tiie formula is arranged as in III (page 86) it is evident that 
methylcholantlirone is a derivative of 1,2-benzanthracenc having alkyl 
substituents at positions 5 and 6 (and 10), anti consequently that it is closely 
related to the synthetic substances of carcinogenic activity which had been 

i Wiriund and flchlichtiiw, Z. phynol. rhem., 150, 2f.7 (102,1). Wiria.id and Wiadonheiin, ibid,, ISO 
S20 (1D30) 

i« WipUnd and Dane, ibid, 219, 240 (10.13). 
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investigated at the Cancer Hospital in London. The relationship was fully 
appreciated by Cook, who had undertaken work on the problem 11 even 



before the appearance of the paper by Wieland and Dane, and in 1934 
Cook and Haslcwood 12 reported that methylcholanthrene is a powerful 
carcinogenic agent. These investigators established the structure of the 
hydrocarbon by converting it by oxidation and decarboxylation into an 
anthraquinone (IV) which was identified by synthesis. The structure 
was further confirmed in 1035 by the synthesis of methylcholanthrene 
(page 105). In later work 13 methylcholanthrene was obtained from 
cholic acid, a still more abundant acid constituent of the bile The 
laboratory preparation of the carcinogenic hydrocarbon from either 
desoxycholic acid or cholic acid involves the following steps: oxidation, 
hydrogenation, cyclization, and dehydrogenation. The fact that such 
transformations of substances normally present in the body ran be realized 
by the brutal methods of the laboratory in no way indicates that the bile 
acids are converted into methylcholanthrene in the organism, and yet the 
reactions are all of types known to occur normally in the animal body. 
While proof is entirely lacking, it appears possible that many forms of 
ranrer may originate in the metabolic production of mpthylcholnnthicne 
or related substances from the bile acids, or perhaps from the sterols or 
sex hormones, of the body. 

Observations suggesting a relationship between the sex hormones and 
the incidence of cancer will be discussed in Chapter V. In the following 
pages an account will be given of the synthesis and assay of the carcino¬ 
genic hydrocarbons. 

Methods of Testing. In the early experiments of the English inves¬ 
tigators the hydrocarbons were applied to the Bkin of mice in 0.3 per cent 
benzene solution twice weekly, the tumors produced being papillomas 
(benign tumors) or epitheliomas (skin cancers). When 1,2,5,6-dibenzan¬ 
thracene waB administered in this way, definite malignancy appeared for 


u See Cook End Hidnrood, J Am. Cites floe. 57,1380 (IMS). 
P Cook Bud Hadewood, J. CA im. Sac , 428 (1984). 

HFmor and Newman. /. Am Chem Soe., 57,961 (1935). 
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the most part after 8-9 months. In later work 11 a solution of the hydro- 
carbon in lard, sesame oil, or other fatty medium was injected subcu¬ 
taneously. Only one or two injections is required, and the tumors, which 
in this case arc sarcomas, appear much more rapidly (after 4-5 months, 
in the case of 1,2,5,6-dibenzanthraccne). 

Ordinary ("stork”) mice differ considerably in genetic constitution 
and in their susceptibility to induced or sponlaneouB canrer. With such 
animals individual results may not be closely reproducible and in order 
to gain an idea of the relative potenry of different carcinogenic agents 
it is necessary to use large numbers of mice in mnking the tests. A valu¬ 
able method of testing for malignancy in a tumor consists in transplanting 
a portion of the proliferated tissue into other mice (method of hetero¬ 
grafts). If the tumor grows in the new host this affords convincing evi¬ 
dence of malignancy. The growth of the new tumor is considerably more 
rapid than that of the tumor originally induced by the hydrocarbon. With 
stock mice the results arc irregular and only a positive result is conclusive. 
Andorvont 10 found that tumors induced by hydrocarbons in purc-strain 
mice follow the genetic law of transplantation, that is, they will grow 
only in other mice of the same strain. The pure strains of mice are devel¬ 
oped by brother-sister matings for at least twenty generations. With 
pure, inbred strains transplanted tissue almost invariably "takes” in case 
it is malignant and the results in general are far more reproducible. An 
active hydrocarbon will produce tumors in practically all of a group of 
mice if the animals live and if the material remains at the site of injection. 

Purc-strain mice were employed in ihc recent experiments of Shear, 10 
of the U. R. Public Health Rerviec, who found that tumors can be induced 
somewhat more rapidly by the subcutaneous* injection of crystals of the 
active hydrocarbons moistened witli glycerol. Mcthylcholanthrene tumors 
were obtained by this method in 58 days. Shear also used pellets cast 
from a molten solution of the hydrocarbon in cholesterol, and lie has sug¬ 
gested the use of pellets of graduated concentration as a means of deter¬ 
mining the minimum dose required to produce a tumor. Preliminary 
results with 1,2,5,6-dibcnzanthraccnc indicate that the amount required 
is considerably less than 1 mg. per mouse. 17 

It would be of interest to have available for biological experimenta¬ 
tion water-soluble carcinogenic agents which could be administered intra¬ 
venously, and some advances in this direction have been reported. The 


u Burrow*, Oleger and Krnnftway, Am J. Cancer t 16, 57 (1032). 
u Andenront, V. 8. PuMie Health 8emee Reports, 49, 620 (1034); 50,1211 
“ Shear, publication in prens. 

■ Private communication 


( 1033 ). 
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sodium salt of lj2,5,6-dihenzanthrarcne-9,I0-endo-a,/f-succinic acid 18 
•and the salts of the 1,2,5,6-dibenz.mthrarene-choleic acid and mcthyl- 
cholanthrene-cholcic acid 10 give tumors when injected subcutaneously in 
mice, but further experiments have not been described. 

Little work ha* been done with test animals other than mice. By 
applying a 0.3% solution of 1,2-benzpyrene to the skin of rabbits, Bchiirch 
and Winterstein 80 obtained a carcinoma in one of twelve rabbits after 
400 days. 

Comparison of the Carcinogenic Activity of Various Hydrocarbons. 

In the extensive tests conducted at the Cancer Hospital, Cook, Kcnna- 
way, and their associates 21 found that nicthylcholanthrene and 1,2-benz¬ 
pyrene are considerably more active than any of the other substances 
examined in producing rancer in Btock mice. The high activity is shown 
both in the early appenrancc of tumors and in the high proportion of ani¬ 
mals which develop tumors 1,2-Benzpyrcne is slightly less active tlian 
mcthyleholanthrenp, and the latter substance is the most potent carcino¬ 
genic agrnt known When npplied to the skin of mice in dilute benzene 
solution, methylcholnnlhrene produces epitheliomas in about 5 months, 

1.2- benzpyrenc in about 5.7 months, and 1,2,5,6-dibenzanthraccne in 
about 8 months The same order of activity was found by Shear, 10 using 
pure-strain mice and injecting the pure crystals 22 

The English investigators found that although 1,2-benzanthracene 
itself is praclirally inartive (1 tumor in 80 mice), it may be regarded as 
a potentially carcinogenic molecule for it acquires cancer-producing prop¬ 
erties when alkyl groups arc introduced at positions 5 or fi. 6-Mcthyl- 

1.2- benzflntbrarcnc is only feebly rurcinngenic, the 5-mclhyl compound 



iB more potent, and there is a further increase on passing to the 5,6-di¬ 
methyl derivative (I), which is very nearly as effective in producing 
tumors as 1,2,5,f)-dibenzauthrarene. 5,6-Oydopenteno-l,2-benzanthracene 
(II) closely resembles the 5,6-dimethyl derivative (I), and it is interest- 


» Cook, J Chm Sor , 3373 (1031) 

* Finer nnd Newman, J An. Chm. Sot , 57, 961 (1935) Spe also Winterstein find Tetter, Z 
physiol Chm , 290,109 (1931). 

M flrhflroh and Winterstein, Z, phynol Chm , 290, 79 (1935) 

“ Cook, HipRpr, Krnnaway and Maynaord, Proe Roy. Sot (London), Bill,455 (1932), Cook, ibid 
Bill, 488 (1932), Barry, Cook, Haalewood, Hewett, Hiegcr and Kennaway, ibid , B117, 318 (1933). 


■ Confirmatory evidenoe of the high dagrpe of potency of 1,9-benspyvsne 1 
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ing that approximately the hamc degree of activity is attained by the sub¬ 
stitution at positions 5 and C of a benzene ring, a reduced five-membered 
ring, or two alkyl groups. The character of the alkyl group appears to be 
of importance for G-isopropyl-l;2-benzanthracone (III) is definitely more 
active than the G-methyl rompounrt. A number of comparisons indicate 
clearly that a substituent at position 5 contributes more prominently 
to the development of carcinogenic propertied than the same substituent 
at position 6. The high degree of specificity in the molecular structures 
associated with cancer-prnrhiring properties becomes apparent on consid¬ 
ering the derivatives of 1,2-benzanthracene which have given negative, 
or practically negative, remits. The fist includes 3-, 4-, 7-, 2'-, and 
3'-methyl-l,2-henzantliraeene, the 2' 6-, 2',7-, 3',G-, and 3',7-dimethyl 
derivatives, and the 3-, 7-, and lO-imprnpyi derivative 5 *. As far as the 
comparisons have been pursued, there is a remarkable regularity in 
appenranre of carcinogenic activity among the 5,G-substituted com¬ 
pounds and in the absence of activity when the substituents occupy almost 
any other positions. 

That the 5- and G-pohitions aic particular^ favorable for the develop¬ 
ment of canrcr-prodiieing properties is further indicated in tests with a 
series of pent acyclic hydrocarbons derived from 1,2-bcnzanthraccne by 
the attachment of an additional aromatic ring in the 2 f ,3'-, 3,4-, 3,4-, 
5,G-, 6,7-, and 7,8-pnsitions. Of these six isomers only l,2,5,G-dib<aiaan- 
thrarene has shown pronounced carcinogenic activity. Of other hydro¬ 
carbons containing five condensed aromatic rings in the molecule only 

1.2- bcnzpyrenc lias given rise to tumors. 4,5-Benzpyrcne, perylene, 
jiicene, 2,3,6,7-dibenzanthracenc, and 3 , 4 , 5 , 6 -dibmiphcnantbreM have 
given negative results. 

As pointed out above, mcthyleholnnthrene (IV) can be regarded ns a 
5,0-di alky l-1,2-hcnzanthraecne witli an additional alkyl substituent at 
C 10 . From the high potenry of the hydrocnrbnn it would appear that the 
substitution in the meso position C, 0 is an important fenture in the atnic 
ture. Whether or not the five-memhered ring is equivalent to two alkyl 
groups remains to be determined. The methyl group at 0, in the 

1.2- benzanthrarene system does not appear to be important, for the 
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parent hydrocarbon cholantlirene (V) has about the some degree of activ¬ 
ity as methylcholanthrene (Shear 18 ). It is interesting that cholanthrene 
and 1,2-benzpyrene (VI) are both 1,2-bcnzanthrarene derivatives with 
an additional ring connected to a meso carbon atom of the parent hydro¬ 
carbon. 

1',9-Melhylcne-l,2,5,6-dibcnzanthracene (VII) has the cholanthrene 
ring system, but the addrd aromatic ring produces a great diminution in 



the carcinogenic activity for the hydrocarbon resembles 1,2,5,6-dibcnz- 
anthracene more closely than it docs cholanthrene. Similarly, the addi¬ 
tion of one or more aromatic rings to the 1,2,5,6-dil enznnthraccuc system, 
for example as in VIII, results in a loss of cancel-produeing properties. 
Even simple substitution products ot l,2,fi.G-dibrn/nnthrnrene dinw a 
reduced activity as compared with the parent hydroraibon The list of 
compounds examined inrludes the 2'- and 3'-mclhvl derivatives, the 
9-amino, 9-methoxy, 9,10-dibenzyl, and the 4', 3- dimetliylenc compounds, 
as well as the octahydride, the 9,10-dihydride, and the 9,10-quinone. The 
last two cases arc particularly interesting in connection with the perplex¬ 
ing question of the manner in which the aromatic hydrocarbon is able to 
initiate the condition of malignancy. If 1,2,5,6-dibcnzanthraccne acts 
by virtue of some chemical transformation in the body this would be 
expected to involve an oxidation or a reduction of the substance, and yet 
the first products of the chemical oxidation and reduction of the hydro¬ 
carbon both show diminished, rather than enhanced, activity. In the 
1,2-benzpyrene scries, Schiirch and Winterstein 20 found that the 3' (or 
2'?)-methyl derivative and the l'^S'^'-tetrahydride are less active than 
the parent hydrocarbon. 
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Various heterocyclic isologues of the higher aromatic hydrocarbons 
have been examined by the English workers and definite if feeble carcino¬ 
genic activity was discovered in 1,2,5,6-dibenzacridine (IX) and 3,4,5,6- 



dibenzacridine (X). Applied to mice in 0.3 per cent benzene solution, 
these substances produced tumors after about 13 months. That com¬ 
pound IX is carcinogenic is in keeping with the clo.sc structural relation¬ 
ship to the corresponding tetracyrhr hydrocarbon, but it is rather surpris¬ 
ing that the isomer should display similar properties. 

All of the carcinogenic agents thus far discussed contain the 1,2-benz- 
anthraceno ring system (or its heterocyclir equivalent), but it appears that 
this is not an entirely essential feature if structure. It is true that very 
few eancer-producing sub a tDnccs hau' been discovered which are not 
related to 1,2-bcnzanthraccne, although a great many buch compounds have 
been submitted to tests. The following compounds, for example, have 
given entirely negative results: naphthaccne, triphenylene, fluoranthene, 
chrysofluorcne, and benznnthrenc. Evidence of very slight carcinogenic 
power ha* been obtained with chrysene 21 and pyrene, but it is not yet 
certain that the effects are not due to the presrncc of impurities. 24 On the 
other hand 3,4-bcnzphenanthrcnc, a hvdmcarhon not related to the 
anthracene derivatives possesses considerable carcinogenic activity. The 
substance acts blovly (benzene solution), but alter about 12 months it 
produces tumors in a large proportion of the animals. It is the simplest 
carcinogenic substance vet encountered Since the phenanthrene ring 



3,4-Benzphenanthrene 


system is contained both in this compound and in the 1 ,2-benzanthracene 
derivatives, it might be supposed that this is an essential structural fea¬ 
ture, but the evidence available docs not substantiate this view. Morton, 


n 

M 


Hornier and Twort, Am J Cnncer 21,7S1 (1914), Barr,. Cwk end nthers, 
ny, Cook end othm. Ref 21. Pehilreh and Wlntenlein. Ref 20 
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Clapp and Branch 2B have reported the production of tumors in mice by 
the application of solutions of triphenylbenzene and tetraphenylmethane. 
Rather large doses were required and the tumors appeared only in a year’s 
time, but they were of the characteristically malignant type. Clearly 
these substances are wholly unrelated to the condensed-ring hydrocarbons 
characterized by the English investigators. There may well be still other 
groups of compounds capable of initiating malignant growth. 20 In this 
connection reference may be made to another form of occupational disease, 
namely cancer of the urinary bladder (the so-called “aniline cancer”). 27 
Some agent or agents of nature still entirely unknown, but which appear 
to be associated with the manufacture of certain dyestuff intermediates, 
seem to be capable of inducing cancer of the bladder among workmen. 

The observation that certain substances are capable of opposing the 
action of carcinogenic agents has been reported by Bercnblum. 28 The 
production of tumors by potent tar fractions or by 1,2,5,0-dibenzanthra- 
rene was almost completely inhibited by the application of small quanti¬ 
ties of mustard gas. The inhibition appears to be due to some local action 
on the tissues, rendering them refractory to the carcinogenic agents, for 
the refractory state appears almost as soon as the application is made 
and subsides soon after the treatment is discontinued. Mustard gas 
clearly does not react in any way with the carcinogenic agent, but merely 
modifies for a brief period the susceptibility of the tissues. 

Of the known carcinogenic hydrocarbons perhaps mcthylchobinthrene 
is the most interesting, both because it is the most powerful agent yet dis¬ 
covered and because of the possibility that it represents a type of com¬ 
pound produced in the body ns a product of abnormal metabolism. It 
should be expressly noted that this idea lias neither been proven nor dis¬ 
prove^ and that although it appears worthy of intensive investigation, 
the hypothesis may actually be finite far afield. Aho entirely unknown 
is the mechanism whereby certain hydrocarbons start normal cells on a 
career of malignancy. If a chemical reaction is involved, the nature of 
the change is entirely obscure. Most of the rarcinogenic hydrocarbons 
are more susceptible to oxidation than to other reactions, but there is no 
evidence that an oxidation is involved. The high degree of specificity in 
structure among the derivatives of 1,2-benzanthracene is difficult to recon¬ 
cile with the hypothesis that an agent of a certain reducing intensity is 
required to initiate malignant growth, and this same specificity probably 


11 A A Morton, Clapp and Branch, Srtmcr, 82, 134 (1B3S). 

"Browning, J B Cohen, Cooper, Ellmgworth and Gulbranaon [Pror. Ray. Soc (London), Blli 
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17 For a review, err W. C. nueper, J Ind Byg , 16, 250 (1934). 
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rules out an explanation based upon the conception of a chronic irritation. 
Possibly the molecular dimensions and the surface activity of the sub¬ 
stances are as important as their chemical characteristics. 

Methods of Synthesis 

Although few distinctly new methods of synthesis have been devel¬ 
oped in the search for cancer-produeing hydrocarbons and in the attempt 
to define the limits of carcinogenic activity, several interesting applica¬ 
tions and modifications ha'v e been made of the general methods already 
available. A discussion of these methods will illustrate the preparation 
of some of the compounds which lmvc been of interest in the study. 

The Phthalic Anhydride Synthesis. Although the phthalic anhydride 
synthesis offers a very convenient mute to many of the simple substitu¬ 
tion products of anthrurenc and nnthraquinnne, it is of only limited value 
in the preparation of a-nq -benzanthracenes and bis-aruj.-dibenzanthra- 
eencs In one application of the synthesis phthalic anhydride is first con¬ 
densed with a naphthalene dcrivntne, and in the ease of naphthalene itself 
(R - H) the keto acid resulting from the Fiicdel and Crafts reaction can 
I e cvclizod without difficulty and the hydrocarbon obtained by the reduc¬ 



tion of the quinone. With some derivatives, acenaphthcnc for example, 29 
ring closure proceeds with such difficulty on account of the presence of 
the un^aturated carbonyl group oilho to the position of substitution 
that it is necessary to reduce the keto acid prior to cyilization in 
order to obtain a satisfactory yield. 1-Methylnaphthalcne (R = CH 3 ), B0 
1 -isopropylnaphthalenc, 31 1,6-dimethylnaplitb alone, az and acenaphthene 89 

» rook, J r*«n Boc , 1087 (1130) 
m Srholl and Tntwh. Mtmatah , 32,117 (Ull). Tonk, Rif 2S 
* Took, / Chem Boc , 450 (1132) 

UF Fipner and M Fimm, J Am Ch?m Bat , 99, 3342 (1133) 

" 0m*be, Ann , 327, 102 (H03) 
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react in the manner indicated for in each case an alkyl group at position 1 
directs substitution at position 4. When the naphthalene nucleus con¬ 
tains only the more weakly orienting 0-alkyl group the Friedel and Crafts 
reaction usually gives a mixture of isomers from which alkylated 1,2-beni- 
anthraquinones can be prepared only with difficulty and in some caseB by 
reactions involving rearrangements and the migration of alkyl groups. n,M 
Where suitably substituted halogen compounds are available, the difficul¬ 
ties arising from the formation of homers can be avoided by employing 
the Grignard synthesis, for substituted benzoyl- and naphthoyl-benzoic 
acids can be obtained in 70-80% yield by the action of aryl magnesium 
halides on phthalic anhydride.'’ 5 

An alternate procedure is to use 1,2-naphthalene dicarboxylic acid 
anhydride and a benzene derivative as the components in the synthesis, and 
this method has been used by Cook iX for the preparation of the carcino- 
genically active 6-isopropyl-l,2-benzanthraccne. The unsymmetrical 
anhydride con react m two ways, 3 " however, and in Cook’s synthesis it was 
necessary to separate the Homeric koto acids and to establish their struc¬ 
tures by oxidation 



B-i-Pnipyl-1,2- 

boiuanthrarrnp 


7-uPnipyl-l,2- 

benidiithnuonp 


Closely related to the phthahr anhydnde synthesis is the method 
used by Cook 37 for the preparation oi 1,2,7,8-dibenzanthracone. The 
ketone (1) resulting from the condensation of a-naphthoyl rhloride with 



n I ipuer and Prten, J Am Chrm Soc , 54, 17 U (1932) 

« Weiriimnn, E Birgmanii rnirf F 11 Brum mm / Cham Soc , 1367 (19.15) 
» Wsldmann / prokt Chtm , 127, 195 (10101 131, 71 (L031) 
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0-methylnaphthalcne was oxidized to the keto acid II by a method which 
ysfortunately is not one of general application. The carbonyl group of 
II was reduced, the product was cychzed and the antlironc was reduced 
to the hydrocarbon III. The reduction of the keto acid prior to cycliza- 
tion was in this case a matter of prime importance not because the 
cyclization of the acid II could not be accomplished but for the reason 
that a molecular rearrangement occurred in the course of the dehydration. 
Instead of the expected 1,2,7,8-dibcnzarthrariuinuiic, the keto acid on 
treatment with phosphorus pentnxidc in nitrobenzene solution yielded 
1,2,5,6-dibenzanthraquinone as the sole product. The rearrangement (a) 
must involve an exchange of position between the a-naphthyl radical 
and the hydroxyl of the carboxylic acid group. Cook suggested 



that the remarkable rearrangement proreeds through the lactol 
form of the keto acid, and the reaction becomes more understand¬ 
able when formulated on this basis (b). It is worthy of note that the 



a-naphthyl radical retains its structure during the migration and does 
not appear as a 0-naphthyl group. In another case studied by Cook it is 
seen that a 0-naphthyl radical can migrate without change in the position 
of the combining valence. It might appear that an equally reasonable 
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course for the rearrangement would consist in the migration of the substi¬ 
tuted aroyl group from the a- to the 0-position in the naphthalene 
nucleus (c). This view is untenable, however, because the keto acid V 




was prepared synthetically and found to yield on dehydration not only 
the expected 1,2,5,6-dibcnzunthraquinone but the isomeric 1,2,6,7-quinonc 
and the 1,2,7,8-quinonc. The first of these may arise from ring closure 
of the acid V at a 0-position, but the second must be produced by way of 
a molecular rearrangement. 

The occurrence of molecular rearrangements in the course of the cycli- 
zation of o-benznylbenzoic acuU was fir^t olwurnl by Hava&hi JS in 1927, 
but the true nature of the intramolecular change only became apparent 
as the result of Cook's investigations of 1932. 

The Pschorr Synthesis. Since the phenanthrene nucleus is present in 
nearly all of the hydrocarbons known to po^ses^ carcinogenic activity, 
syntheses involving the formation of this three-ring system can be used 
for a few of the preparations. The Pschorr synthesis has been of service 
in obtaining some of the higher polynuclear type* and indeed it was used 
in the first recorded synthesis of the important 1,2,5,6-dibenzanthracene Z 19 



» Uayaahi, J. Chm 8oc , 2518 (1D27). 1513,1520. 1524 (1930). 
H WaUmnbbek and A Klinger, Monatah., 39, 315 (1918). 
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p-Phcnylenediarctic acid was used the starting material and the syn- 
thesis involved a double ring closure of Uu* initial condensation product. 
Cyclization of I took place in both possible directions, however, and there 
was obtained after decarboxylation of II and 111 a mixture of 1,2,5,6- 
dibenzanthraccne and 3,4,5,6-dibenzphcnanthrene. The formation of 
isomers coupled with rather poor yields nnd the fact that the starting 
materials arc none too readily available greatly limits the usefulness of 
this type of Pschorr synthesis Another difficulty was encountered by 
Cook 37 in the synthesis of 1,2,7,8-dibcnzanthrncene (V) from iw-phcnyl- 
encdiacetio acid. Only a very small yield of the desired arid, IV, was 
obtained, for the chief reaction consisted in the hydrolysis of one of the 
diazonium salt groups, giving VI. 



Although the Pnshuir method hub many disadvantages it has fur¬ 
nished a means of obtaining the cancer-producing 3,4-benzphenanthrene 



(VII). In correcting earlier work 40 on the subject, Cook 41 showed that 
ring closure occurs at bolh the a- and /J-positions of the naphthalene 
nucleus and that 1,2-henzanthroic acid is formed along with 3,4-benz- 
phenanthroic acid. The earlier investigators had mistaken 1,2-benz- 
anthraccne for 3,4-bcnzphenanthrcne. The 0-naphthylacetic acid required 

<1 Weitsonbock and Lieb. MonaUh , 93, 504 (1012), F. Mayer and Oppenhwmer, Bn, 51, 510 
(1D1B). 

u Cook, J. Chan . Soc , 2524 (1931). 



96 


CANCER-PRODUCING HYDROCARBONS 


far the synthesis is obtained by means of a curious reaction discovered by 
Willgerodt in 1887: l-naphthylmethyl ketone is converted by yellow 
ammonium sulfide at 220° into the amide of the desired acid. 

The Succinic Anhydride Synthesis. The general method of synthesis 
which Haworth found so useful for the preparation of alkylphenanthrenes 
(page 71) was found by Cook and How el t 42 to furnish a convenient 
route to the important 1,2-bcnzpyrene, a carcinogenic constituent of coal 
tar. The synthesis from pyrene is indicated in the formulas I-V. Because 
of the interest in obtaining supplies of the hydrocarbon for biological 
experimentation, the reactions have been studied in further detail by other 
investigators. 41 Cook aud Hew ott found that the Fricdcl and Crafts reac¬ 






tion with pyrene pioceeds smoothly in nitrobenzene solution giving a keto 
arid which probably is the 1-deiivative (I), although this point hns not 
been proved. The redurtion of the kelo acid by the Cleinmensen method 
has not been accomplished, but the English workei s found a satisfactory, if 
tedious, method in the use of zinc dust and ammonia The ryebzation to 
III was accomplished by heating II with anhydious itnunic chloride, but 
the procedure is much improved by condensing the and chloride of II with 
stannic chloride (Ficser and Ficser). The cyclic ketone (111) enn be con¬ 
verted directly in low yield into 1 ^-benzpyrene (V) by treatment with 
selenium (C. and II) or by zinc dust distillation (F. and F), but the 
best yield is obtained by preparing the tctTahydro compound IV l>y high- 
pressure hydrogenation and submitting the crude material to dehydro¬ 
genation (F. and F.). Using an equivalent amount of selenium, the 
ketotetrahydrobenzpyrene (III) can be converted in part into 4'-hydroxy- 
1,2-benzpyrene (VI), and with the use of sulfur the phenolic dehydro¬ 
genation product can be obtained in 19% yield. 44 

0 Cook and Hewett, J Cham Boo ■ 39ft (1933) 

■ L ? Finer tod M. Finer, J Am Chem Boe , 57,782 (1935), Wintentem, Vetter end Schdn, Bn., 
68,1070 (1085) 

0 Fieeer, Hmbberg end Newman, J Am Chen Boe , 57, 1509 (1935/. 
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For the synthesis of 4,5-benzpyrene (VII), Cook and Hewett 4 * 
employed a partially hydrogenated pyrene in order to change the orienta¬ 
tion. Similar synthetic uses of as-octahydrnphenanthrene have been inves- 



pyrone t, 5-Hen zpyronc 


tigated by Cook and Haslewood. 45 On condensation with succinic anhy¬ 
dride this yielded the keto arid VIIT, which was ronverted by reduction 



and cyclizutiun into the ketone IX. A Jtcformatsky reaction of IX with 
ctliyl bromoacetatc afforded the acid X (with an isomer), and this was 
converted into cholanthrenc, if in very poor overall yield, by saturation of 
the double bond, cyclization, reduction, and dehydrogenation. 

The general method of Haworth has been used in two instances for 
the synthesis of alkylated 1,2-bcnzanthraccnes. 40 

The Elbs Synthesis. One of the most generally useful methods of 
obtaining polynuclear hydrocarbons is the Elbs anthracene synthesis, 
which consists in the pyrolysis of an ortho methyl diaryl ketone: 



II Cook and Ifariewood, S. Chm Soc , 707 (1930) 

« Cook, ibid., 1502 ( 1933 ); Cook and Hartewood, thd , 423 ( 1934 ). 
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The reaction is a curious one, involving in some manner not yet clear the 
elimination of the ketonic oxygen atom along with hydrogen atoms from 
the methyl group and the nucleus and the migration of hydrogen to the 
meso carbon atom. The first instance of this type of condensation was 
perhaps that reported in 1873 hv Belir and van Dorp 47 who obtained 
anthracene on passing the vapor of o-tolylphenyl ketone over heated zinc 
dust. The anthracene, however, may have come from o-benzyltoluenc 
formed on reduction of the ketone, for p-tu]ylphcnyl ketone is reduced 
under similar conditions and the o-benzy] compound is known to yield 
anthracene on pyrolysis. A dor and Rillict 44 observed the loss of water 
on the prolonged heating of certain o-methylbenzophenones but did not 
identify the products. Elbs 40 in a series of investigations carried out in 
the years 1884-1887, was the first to establish the course nf the reaction 
and to Btudy the application of the method to other compounds. A num¬ 
ber of o-alkylatcd bcnznphenones were subjected to pyrolysis and it was 
found possible to obtain in this way several alkyl derivatives of anthra¬ 
cene. In general, however, the results were not very promising. The 
yields usually were in the order of 10 per ctnt and in some cases the reac¬ 
tion failed completely. The ketone was maintained at the boiling tem¬ 
perature until water was no longer givrn olT or until the material was 
completely minified, the period of heating varying from rix hours to eight 
days. Condensing agents such as zinc chloride or phosphorus pentoxide 
either hindered the reaction or caused by-product formation At a later 
date Seer B0 obtained yields of the order of 3 per cent from m-xylyltolyl 
ketone and wi-xylylmcsityl ketone after six days of heating. 

This apparently unpromising reaction was not applied to any but 
phenyl ketones until 1929, when the pyrolysis of the dinaphthyl ketone 
obtained from fl-naphthoyl chloride and /B-motbyJnaplithnlrne was inves¬ 



tigated by Clar R1 and by Ficscr and Dietz/ 12 It was found that the 
elimination of water can be completed in nne-half hour and that 1,2,6,6- 


« Bohr and van Dorp, Bit., 0, 753 (1573); 7,10 (1K74). 

« Ador and HiUict, i but , 11, 3IJU (1573). 

«' Elbs and Larson, i bid., 17.3817 (1884); Claus and Elba, ilnd , IB, 1707 (1885); Ellis and Olberg, tind , 
19,408 (1B86); Elbfl, J. prakl. CW, 33, 180 (1886); 35,465 (1887). 41,1,121 (1887). 
h Seer, JtfonaNk., 32,148 (1911); 33,33 (1012). 
u Clar, Bn , 02,350,1878 (1819) 

■ fiver and Diets, dud., 62,1827 (1029). 
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dibenz anthracene can be obtained easily in yields up to 32 per cent of the 
theoretical amount. The higher boiling point of the dinaphthyl, as com¬ 
pared with the diphenyl, ketones permits a higher temperature for the 
pyrolysis and this may contribute to the greater success of the reaction, 
but it is probable that a much more important factor is that in this case 
the methyl group condenses into a reactive a-position of the naphthalene 
nucleus. Because of this simple method of preparation 1,2,5,6-dibenz- 
anthraccne has been widely employed in studies of induced tumors. 

In the above pyrolysis only about one-third of the ketone iB con¬ 
verted into the hydrocarbon and it is not yet possible to account for all of 
the remaining material. One by-product 52 is 0-metkylnaphthalene, which 
probably arises from the hydrolytic action of water on the ketone at tbe 
high temperature of pyrolysis. Another is a chrysogen which gives to 
the crystals of 1,2,5,6-dibenzanthraccne a beautiful yellow color which 
persists after innumerable crystallizations. It was not at first recognized 
that the color of the highly purified material is due to an impurity, but 
Cook 113 found that the hydrocarbon can be obtained in a colorless con¬ 
dition by shaking a solution of the yellow material in toluene with suc¬ 
cessive small portions of sulfuric and, when the chrysogen is preferen¬ 
tially sulfonnted. The process is effective, but wasteful of material. 
Cook M found that the colored impurity aKo ran be removed by virtue 
of its more rapid reaction with maleic anhydride in boiling xylene solu¬ 
tion, and suear-ted that the rcurti\ e chry«. 0 RCn probably is 1,2,6,7-dibenz- 
antliraeene, formed by condensation at the j8-position. That this infer- 



1,2,6,7-Dihrnzanthraccnc 1 


cnce is correct \ias proved by Wintorstein and Schon, 33 who isolated the 
chrysogen from the crude hydrocarbon by chromatographic adsorption 
analysis. Probably the most convenient method of preparing colorless 
l^^G-dibcnzanthracenc is to pass a solution of the yellow material in 
benzene through an adsorption tower of activated alumina, the material 
being recovered from the colorless filtrate. The yellow material forms a 
layer at the top of the column and the course of the colorless hydrocarbon 
can be followed by its fluorescence in ultraviolet light. 


■ Cook., J Chtm Sor , 4S7 (1031) 

m Cook, ibid . 3273 (1031), Cook, rf nZ, Pm Roy Sac (London), Bill, 4(19 (1032). 
WmtentPin aud Bckon. Z phynol Chen , 230,116 (1031). 
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Although the yield in the Elbe synthesis leaves much to be desired 
even in the favorable case of the dinaphthyl ketones, the method is so 
simple and of such general application that it has found wide use in the 
study of carcinogenic activity. Of the various ways of preparing 
o-methyl ketones suitable for conversion into 1 ,2-benzanthracene deriva¬ 
tives, one consists in the Friedel and Crafts condensation of an aroyl 
chloride with fl-methylnaphthalene, as above. Two other methods are 
illustrated by Cook’s synthesis ne of 5,6-cyclopentcno-l,2-benzanthracene. 



5,6-Cydupont cn n-1 ,2-beiuan thracene 


In the absence of strongly directive influences, the Friedel and Crafts 
reaction may lead to the formation of iBomors and it is not as reliable as 
the other method. Another variation is to condense the (irignard com¬ 
pound with the nitrile, rather thnn with the acid chloride, and to obtain 
the ketone by the hydrolysis of the resulting kctimine. nT Whether or not 
the ketone can be obtained in a condition free from isomerB, the Elbs 
condensation usually can occur in two ways and a mixture of hydro¬ 
carbons often results on pyrolysis. This was true in the case cited, for 
6,7-cyclopenteno-l,2-bonzanthracene was isolated along with the main 
product. It is always necessary to purify carefully the product of an 
Elbs condensation and this is often effectively accomplished by the crys¬ 
tallisation of the picrate, from which the hydrocarbon subsequently can 
be regenerated by distributing the molecular compound between benzene 
(or ether) and alkali. The addition compound with trinitrobenzene 

» Cook, J. Cbm. Soc„ 409, 2529 (1931J. 

n Motion nod Couloon, Old., 2X03,3351 (1020). 
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sometimes has superior crystallising properties and when this derivative 
is used for purification the hydrocarbon can be recovered by treatment 
with stannous chloride, removing the triaminobensene as the water-soluble 
hydroohloride. It usually is necessary to furnish independent evidence 
of the structure of the reaction product. In the example above the hydro¬ 
carbon was oxidized with acid permanganate to an anthraquinone tetra- 
carboxylic acid which proved to be identical with the arid obtained by a 
similar oxidation of 1,2,5,6-dibcnzanthracenr, the nicely crystalline and 
sharply melting tetramethyl ester being used for the comparison. 

A further reason for exercising raution in aligning a structure to a 
condensation product is that molecular rearrangements often occur in the 
course of the Elbs reaction. The most notable case is that of the pyrolysis 
of the ketone from a-naphthoyl chloride and /9-mcthylnaplithalenc. When 
the reaction was first studied by Clar 51 and by Ficscr and Diets 113 it was 



assumed that the hydrocarbon obtained was 1,2,7,8-dibenzanthracene, 
but Cook M proved that the substance actually is 1,2,5,6-dibenzanthra¬ 
cene. It appears that at the high temperature of the reaction (440°) the 
2 -methylnaphthoyl group (b) migrates from the 1'- to the 2'-position in 
the naphthalene nucleus (a), giving an isomeric ketone (II) which can 
condense in the manner indicated. The conversion of I into the hydro¬ 
carbon takes ten times as long as when II is used, presumably because 
time is required for the isomerization. The rearrangement of an o-sub- 
stituted naphthalene to a /9-derivativc is not uncommon, and yet it iB very 
odd that a,a'-dinnphthyl ketone is not isomerized at the temperature used 
for the above pyrolysis. 118 There is as yet no evidence that a rearrange¬ 
ment of the ketone I occurs prior to the condensation and the above for¬ 
mulation may be only a hypothesis of convenience. The same may be 
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said of the somewhat similar rearrangements observed by Fieser and 
Fieser a2 ’ 34 on heating alkylated naphthoylhenzoic acids such as IV (page 
103) with Bodium aluminum chloride. The rearrangement, whether prior 
to or during the ring closure, is from an a - to a /3-position, but in this case 
the aroyl group migrates into the unsubstituted ring (A). 

Another source of uncertainty regarding the structures of the Elbe 
condensation products is that alkyl groups often do not withstand the high 
temperature of pyrolysis. Tn the reaction: 




methyl groups situated in any of the live positions indicated by It appear 
at least in large part in the corresponding positions ol the reaction product, 
but in several other rases on record a methyl group is eliminated in the 
course of the condensation. This is true of compounds VI 81 and VII,^ 



the starred groups being eliminated. In the second case there is also 
a rearrangement and tile product is 1,2,5,6-dibeuzanthracene. An alkyl 
group of more complex structure niny suffer degradation, as has been 
shown in the case of the ketone VIII. 81 The isopropyl group persisted 
to some extent, but it was partially converted in the course of the pyrol¬ 
ysis into a methyl group. Even when it is possible to isolate a hydro¬ 
carbon containing all of the original carbon atoms, it is almost invariably 
true that many crystallizations of the substance, preferably in the form 
of the picrate, are required to effect a complete purification. Homolagues 
and isomers are probably present in the crude mixtures. 

One extension of the synthetical method of Elbs is the application to 
diketones of suitable structure. Thus Fieser and Dietz 52 converted the 
diketone IX, obtained from 2,6-dimethylnaphtlmlenc and two moles of 
/3-naphlhoyl chloride, into 2,3,8,9-di- (l'^-naphtho) -chrysene, X. Prob¬ 
ably because both ring closures occur at reactive a-poBitions, the canden- 


■ Cook, J. Chrm. Sac., 480 (1031). 
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bation proceeds \ cry smoothly and the orange, very sparingly soluble 
octacyclic hydrorarbon melting at 500° is obtained in particularly good 
yield (52 per cent). Various dibenzoyldunethylnaphtbalenes have been 
similarly condensed to hexacyclic hydrocarbons by Clar, Wallenstein and 
Avenarius,™ and diinethyldikrtnncs of the benzene series have been inves¬ 
tigated also by Clar and liis collaborators, 00 The most interesting out¬ 
come of this work was the synthesis of 2,3,G,7-dibrnzanthraccne l u a deep 
blue hydrocarbon of such extraordinary reactivity that Clar suggested 
for it the structure of a diradical. The diketone (XI) required for the 
synthesis was isolated from a mixture of isomers resulting from the con¬ 
densation of brnzoj 1 chloride with w-xylylphenyl ketone. The product 




tj ^ 


(XII) 



>xcc o 


(XIII) 


of pyrolysis was a diliydridc (XII) or a mixture* of dihydrides, and the 
blue aromatic hydrocarbon (XIII) \uis obtained by boiling a solution of 
the material in nitrobenzene with phenanthrenequinone to effect the 
dehydrogenation. The formulation of the substance in terms of KokulS 
rings provides an adequate interpretation of the properties, for this 
includes the unstable o-benznquinonoid and 2,3-naplithoquinonoid 
groupings. 

A modified Elbs condensation was employed by Fiescr and Seligman 62 
in the synthesis of mcthylcholanthrcnc (III). The novel feature is that a 
methylene group of an alicydic ring replaces Ihe usual methyl group in 

■ ('I up| Wallenstein ami H Avenanuu, Bcr , 62, 950 (10J9) 

Clar, John and Ilaaron, iM , 62, 940 (1920); Clar and John, ibid, 64, 981 (1981) 

n Clar and John, ibid , 62, 3021 (1920), 63, 2007 (1930). 

■ Finger and Religman, J. An. Chun, Hoc , 57,228, 942 (1935). 
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tho condensation and consequently that a meso-substituted anthracene 
is obtained. In view of the low yields usually obtained in the ordinary 
Elbs reaction and tho complications due to the elimination or degrada¬ 
tion of alkyl substituents, it is rather surprising that the ketone II on 
pyrolysis gives very pure mcthylcholanthrene in about 45% yield. The 
4 -bromo-7-methylhydrindene required for the synthesis wob obtained 
from the mixture of the two chloromethyl derivatives (IV) prepared from 
p-bromotoluene by the Blanc reaction (formaldehyde, hydrogrn chloride, 



zinc chloride). Following the condensation of the halide mixture with 
malonic ester and hydrolysis to V, cyclization gave an easily separated 
mixture of the hydrindones VI and VII. Both ketones yielded the desired 
hydrindene on reduction. 

The modified ElbB reaction has given equally satisfactory results with 
other ketones having n fivc-membered alicydic ring. Cholantlirenc u 
and 1',9-mcthylenc-l,2,5,6-dibenzanthracene 64 were readily obtained by 
the pyrolysis of the ketones VIII and IX, respectively. 0-Naphthoyl- 




hydrindencs such as X also undergo ready intramolecular condensation 
and give pure hydrocarbons. 

The method appears to be capable of considerable variation. For 

u Fiw and Rclumnui, J Am Chm Boc , 57, 2174 (1085). 

■« Fitter and Hmhbprc, ibid , 57, 1681 (1085) 
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example the dimethylchol anthrene XIII was obtained u from 7-methyl- 
4-bromohydrindonc-l (VII, above), through the methyl Grignord reac¬ 




tion product XI and the ketone XII. Fluoranthene (XIV) served as the 
starting material for the preparation 6S of another hydrocarbon (XVI) 



(XI\) 




containing the cholaiitluvne ring system Fluorenone-l-rarboxylic acid 
(XV) is readily obtained by the oxidation of the coal tar hydrocarbon 
(XIV), and after reduction of the carbonyl group a condensation of the 
acid chloride with a-naphthyl magnesium bromide affords a ketone which 
yields XVI on pyrolysis. 

Ketones having six-membered alicyclir lings in the ortho position to 
the carbonyl group undergo cyclodehvdiation on pyiohsis, but the reac¬ 
tions are accompanied by secondary changes 116 In particular, hydrogen 
atoms of the alicydic ring in this case appear prone to migrate to other 
parts of the molecule. 

There is as yet no evidence available regarding the mechanism of the 
Elbe reaction, and the two alternate views which have been expressed are 
in the nature of speculations Cook 113 has suggested that at the high 
temperature necessary for dehydration the ketone undergoes a tautomer- 
ization to a quinonoid structure The ring closure then may consist in an 
intramolecular 1,4-addition to the unsaturated system of the enol. 
Dihydroanthranol (XVII) would be expected to lo«e the elements of 
water easily and yield anthrnrene An alternate suggestion (Fieser and 

11 Fipw and Bfligman, f Am Chrm Foe , 37, 1J77 (103 r 0 

■ Finer end Soluman, iM, 58,478 (1930), 



10S 


CANCBR-PRODVCINQ HYDROCARBONS 



H, (XVII) 


(XVIII) 


Dietz M ) is that the reaction proreeda through an intramolecular 1,4-addi¬ 
tion of the methyl group to the conjugated system of the ketone, after 
the manner of the forced Grignard additions to 1,4-systcms of which 
the benzene nucleus forma a part: 


P 

a,rf' 


j 



Either mcehanisni accounts for the failure of chemical dehydrating agenls 
to bring about the change and, since dihydroanthrnnol is assumed in each 
case to be an intermediate, both mechanisms arcount for the occasional 
isolation of enthrones from the reaction mixtures, 1 " 4,BT for these may arise 
from the dehydrogenation of the intermediate in preference to ita 
dehydration. 

Other Methods. In investigating possible synthetic routes to hydro¬ 
carbons having the cholanthrcnc ring system, Cook, llaslewood and 
Robinson 18 studied the application to the problem of both the Bardhon- 
Rengupta and the Perlman-Dnvidsnn-Bogert methods, but met with suc¬ 
cess only in the first rase. From the difficultly available 1-iodoacenaph- 
thene, 09 jS-l-accnaphthylethyl bromide (I) was prepared by the condensa¬ 
tion of the Grignard reagent with ethylene oxide and conversion of the 
alcohol to the bromide. Condensation of I with the potassium derivative 
of ethyl ryclohexanone-2-carboxylatc gave the /J-kcto ester II, which was 
cyclized to III by boiling 55% sulfuric acid. The ester III was very diffi¬ 
cult to hydrolyze, but the corresponding acid was obtained by treatment 
with sodium ethylate at 180° and then dehydrogenated and dccarboxy- 
lated over platiuum black at 300°, giving cholanthrcnc, IV. 

A synthesis of cholanthrcnc, more convenient than either thiB method 
or that employing as-octahydrophcnanthrenc as the starting material 

■ Morgan and Cnulaon, J. Ckm Roc , 2551 (1029). 

■ Cook, H&alewnod and (Mn.) A M. liobuuxm, Aid., 6fl7 (1935). 

11 Morgan and Harrison, /. fine. CTismJInd., 49, 413T (1930). 
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(page 99), was developed by Couk and Englewood.™ 1-jB-Naplithyl- 
hydrindene (V) was obtained by the hydrogenation of the indene result¬ 
ing from the condensation of hydrindone-1 with /B-nnplilhyl magnesium 





bromide. Hromiuulion o( the hydrocarbon Y gave a resinous mixture, 
but, after removing compounds broininatrd in the five-membered ring 
with pyridine, carbonation of the Grignnrd reagent gave the acid VI. 
After cyclization with cold sulfuric arid, the nnlhrnne VII was reduced 
to cholanthrene with zinc dust and alkali. 

In concluding this survey of the methods of synthesis which have been 
found useful in the study of rarrinogenie artivity, mention may be made 
of two additional syntheses which have been introduced only recently but 
which bear some promise of future application. Both methods are spe¬ 
cific for the synthesis of the pheunnthrene ring system, and both are 
adaptations of the general reaction of Diels and Alder. Barnett, 11 and 

"Cook and Hulowood. J. Chfm So, . 770 (1135) 
n Barnett and Lawrence*, ibid , 1104 (103.1) 
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later Adams, 72 conceived the idea of employing as the diene a hydro¬ 
carbon (IX) readily obtained by the dehydration of the pinaool (VIII) 


CHCO 

+ Ldo° 

(IX) 

from cyclohexanone. The unsaturated hydrocarbon combines with 
maleic anhydride to give the hydrophenanthrene derivative X. The syn¬ 
thesis has been varied by the use of other cyclic ketones and by employ¬ 
ing quinonc, a-naphthoquinone, and acrolein as the second component, 
but the aromatization of the addition products has not yet been accom¬ 
plished. In contrast to this method, Fieser and Hershberg 71 employed 
opcn-cliain dienes and cyclic derivatives of maleic anhydride, such as 
3,4-dihydronaphthalene-l,2-dicarboxylic acid anhydride (XI). The 
Diels-Aldcr reaction proceeds smoothly and the two tertiarily bound car¬ 
bonyl groups of the addition product XII can be eliminated by fusion 
with alkali. This gives a mixtuir consisting largely of tetra- and hexa- 





hydrophcnanthrencs from which pure phenanthrene can be obtained by 
dehydrogenation. Since substitution products and benzologueB of the 
starting material (XT) are available by a convenient synthesis (page 
221), the method mny find general application; thus far it haB been used 
only for the synthesis of simple derivatives of phenanthrene, 3,4-benz- 
phenanthrene, nnd chrysene. 74 


n Gruber and R \dini9, J Am Chem 8oc , 57. 2503 (1035) Set 1 alio Weidlioh, Z angtw Chm . 
45.707 (M31) 

Finer end Hershberg, J Am Chm tioc , 57,1508, 2102 (M35) 

71 L F Finer, M. Finer and E fi llorshberg, unpublished work 



Chapter IV 

Sterols and Bile Acids 

Tho unravelling of the complicated problem of the nature of the 
sterols and bile acids is one of the outstandiug achiev ement s of modern 
organic chemistry and one which has piovcd to be of the utmost impor¬ 
tance to the progress of investigations in several related fields. The 
determination of the structures was an extremely difficult matter, but 
the acids of the bile and the sterols of plants and animals arc substances 
of such importance in physiological processes that the investigations 
initiated over a century ago were pursued with fearless zeal and in the 
period 1932-1934 the major problems finally were settled in all the most 
essential details. From the evidence now available it is quite clear that 
cholesterol and cholic acid, the most important representatives of the two 
series of compounds, arc correctl\ represented bv the following formulas: 



ChoWciol 1 Cholic ucul 

The two structures aie remarkably similar. The ring system in each 
cuie is that of perliydro-l,2-cyclopentenophenanthrono, the secondary 
hydroxyl group of cholesterol occupies a position (C„) corresponding to 
one of the three such groups of cholic arid, tertiurily bound methyl groups 
are present in each case at C,„ and C,„ and the side chains differ only 
in the length and in the nature of the tcrminnl group. Before dis¬ 
cussing the extensive scries of investigations leading to the establishment 
of these formulas, it will be well to consider briefly the occurrence and 
properties of the more important members of the two groups of natural 
products. 

Description 

The Sterols. Along with the phosphatides, the sterols are regular 
constituents of animal and plant fats and oils. They are neutral and 

i no rather Irrational system of numbering animated an a compromise between the old and the 
uea oonoeptiOM of structure. 
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comparatively Btable substances which occur partly in the free condition 
and partly eeterificd with higher fatty acids. The usual method of iso¬ 
lation consists in subjecting the neutral, fatty fraction to hydrolysis 
with alcoholic alkali and extracting the unsaponifiable matter with ether 
or petroleum ether. Although the sterols are nicely crystalline com¬ 
pounds, the materials obtained from most sources ore mixtures of closely 
related sterols of similar solubilities, and the separation often is a difficult 
matter. This is particularly true of the sterols of vegetable origin, the 
phytosterols, which occur in small amounts in all parts of plants and are 
found in relatively great abundance in seeds nnd pollen. Ordinary prepa¬ 
rations of sitosterol (Or. sito-, grnin), the most widely distributed Bterol 
of plants, have been found by R. J. Anderson and co-workers 2 to con¬ 
sist of mixtures of at least three optical isomer® and to contain appre¬ 
ciable amounts of dihydrositostcrok The phytostcrol mixture from 
Calabar bean contains stiginnsterol and sitosterol, nnd that from yeast 
is composed of crgostcrol and zymosterol. These substances are all of 
much the same composition ns cholesterol (sec table) and they arc closely 
related to this substance in structuic, as will be seen from the formulas 



Erpihlrrol Stijcmustm>l 


of the two most fully characterized members of the group. Ergosterol 
differs from cholesterol only in having an additional methyl group in the 
side chain (C, 4 ) and two additional double bonds (C T -C b , C M -C 4) ), while 
stigmastcrol has nn ethyl group at C 44 and an external double linkage at 
C„-C 41 in addition to the usual double bond at (VC,. 

Cholesterol (Gr. chole, bile + stereos, solid) has been known since the 
eighteenth century as the ehief constituent of human gall stones. It is 
the characteristic sterol of higher animal® and it is present in all 
cells of the animal organism, in largest amounts in the brain and nerve 
tissue, in the suprarenal glands, and in egg yolk. The solid matter of 
the human brain contains as much as 17% of the substance. A good 
grade of cholesterol prepnred from the spinal rord of cattle is available 

*H J Anrimon, J. Am Chem 3oe , 46, 1450 (1021), Andorran, Nabenhanpr And Blinner. J Biol 
Chrm , 71 , m (1027). Andmo and Rhnnnr, t Mi , 71 . 401 (1927), J* Aw, Chem Sar , 48, 2070 1026), 
Anderson, Bhnnrr ana Burr, tfad , 48, 29B7 (1920); Nabcnhauer and Andorran, Und , 48, 2972 (1920), 
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commercially, but while this material is suitable for most preparative 
purposes it contains small amounts of closely related substances which 
cannot be eliminated by repeated crystallization. One of these is the 


Properties of the Sterols 


Name 

Furniuln 

Double 

bonds 

M.p 

Cholesterol 

c r n„o 

1 

160° 

Dihydroeholcsl ei nl 

0,11.,0 

0 

142" 

Copro&terol 

OjtI^O 

0 

102° 

Ostreasterol 

0JI.0 

2 

143° 

Lanosterol 

C ,,H„0 

2 

141 8 

Agn osier ol 

c„n„o 

3 

102° 

Ergostornl 

(\h„o 

3 

163° 

7-8) tost ernl 

C, II ,0 

1 

140“ 

Stigma sterol 


2 

170“ 

Cinrhol 

C H»() 

1 

140° 

Fiirostrrol 

C.H..0 

2 

121" 

Zymosterol 

o.,h h o 

2 

110° 


m» 

Occurrence 

-38 R° 

All animal cells 

1-288° 

Companion of cholesterol 

4 23 5° 

Feces 

-43 9° 

Oysters, gastropods 

H 58“ 

Wool fat 

4 70.6° 

Wool fat 

-133° 

Ergot, yeast 

-42.4° 

Fats of higher plants 

-45° 

Calabar bean, soy bean 

-34° 

Cinchona bark 

-38 4° 

Algne 

+ 47.3 B 

Yeast 


saturated alroliol diliydrnrhulcstcrol, which Hrhocnhcimer 3 has found 
present to the extent of 1-2% in cholesterol from various organs. Ergos 
terol, or some uthcr highly unsaturated sterol, also appears to be present 
in slight trares. A purification is conveniently accomplished through 
the characteristic and sparingly soluble dibronnde, 4 from which the 
unsaturated alcohol is regenerated by debrominntion with zinc dust and 
acetic acid or, more satisfactorily, by means of sodium iodide. 5 

Stereochemistry of the Sterols. Coprosterol (Gr. kopro, dung) is a 
saturated alcohol isomeric with dihydrocholestcrol. The difference is of 
a stereochemical nature and one of fundamental importance in the rhem- 
islry of both the sterols and the bile acids. The spatial arrangement of 
the hydroxyl group at Q, is not involved, for the isomeric relationship is 
maintained in the saturated hydrocarbons cholestane and coprostane. 
Chemical evidence adduced by Windaus® has established with a high 
degree of probability if not wnth certainly that thesp hydrocarbons differ 
from one another in the nnture of the union between rings A oud B, as 
shown in the formulas. In cholestane the configuration of rings A and B 
corresponds to that of trans decalin (two “choir” cyclohcxaue rings), 
while coprostane (also railed pseudochoiestane) corresponds to cis decalm 
(two “bed” rings). Ruzicka 7 has found confirmation in this view in the 

1 PrhoanhiMinpr, v Behring. Tiuinnu'l anil firlnnUel, Z phy*i»l Chtm , 192, 78 (10301, Rrhoenheimer, 
▼ Behring and Hnmrarl, ibtd, 192, 03 (1030) 

• WindaiiB, Bn , 39, MS (1006); Windaun and llauth, thief, 39,4370 (190H), R J. Andrrmm, / Biol. 
Chtm , 71,407 (1927). 

1 Srhoenhrimrr, Z phynol Chtm , 192, Bfi (1030); / Biol Chtm , 110,401 (1033). 

■ Windnui, Ann., 447, 233 (1020). 

1 Runckn, Fur tor and Thomann, IJdv. Chtm Asia, 16, 327 (1033). 
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Cholrbtum* 

(A/B: trails decalin type) 
Allo-w rics 



11 

Coprostane (Pseudocholestane) 
(A/B: oiB deealm type) 
Normal senes 


definite if slight differences in the densities and the molecular refractions 
of the two hydrocarbons. It will be observed that the isomerism is 
dependent specifically upon the configuration at the asymmetric cen¬ 
ter C„ the hydrogen atom at this point bearing either the cis or the trans 
relationship to the methyl group at C tp . For reasons wbirh will become 
apparent on considering the chemistry of the bile acids, cliolcptane is 
conventionally classed as a member of the alZo-scrics. 

Another important type of stereoisomerism lias to do with the con¬ 
figuration of the carbon atom (CJ which in all of the known sterols of 
natural occurrence is the point of attachment of the lone hydroxyl group. 
By ronvention the configuration of rliolesterol or of dihydrocholesterol 
is represented as in I, and that of the epimeric form as in II. In I the 



u (1) H (IB 

Dihydi wholes! cml 2?pidihydi orholcst pro! 

(jS^Cholcstunol) 


hydroxyl group bears the trans relationship to the hydrogen atom at C„ 
while in II the substituents are ns. Dihydrocholestcrol is also called 
0-rholestannl, and substances of this configuration are said to be of the 
“0-type.” All of the natural sterols arc 0-compounds. 

The conversion of cholesterol into substances of both the coprostane 
series and the rpi-type was studied most extensively in connection with 
recent investigations in the field of the sex hormones (Chapter V), but the 
methods may be described at this point in order to illustrate further the 
stereochemical relationships. The sole product of the hydrogenation of 
cholesterol in the presence of platinum catalyst » dihydrocholesterol, 8 
but three important stereoisomers can be prepared from the ketones 


•WilbULttor and I. W Mayar, Btr , 41,2100 (1908) 
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cholestanono and cholestenone. The saturated ketone is obtained by the 
oxidation of the readily available dihydrocholesterol (/?-cholestanol), 
while cholestenone, an a, jtf-unsatur&ted ketone, can be prepared in good 
yield from cholesterol by two different methods. JOithcr cholesterol is 
dehydrogenated directly over copper oxide, 0 or it is converted into the 



ClinWfiul Clinlcstpnone Cliolefctriol dihtnnudo 

dibromide in older to protect the double bond and the dibromide is oxi¬ 
dized and debrommatrd. 10 In both the high- and low-tcmpcrature reac¬ 
tions the double bond migrates from the 5,6-position to a position of 
conjugation at C 4 -C. 

The method's of converting these ketones into the four stcreoisoincric 
alcohols arc indicated in the chart on page 110. When rholestnnone is 
hydrogenated in a neutral medium, or when it is reduced with sodium and 
amyl alrohol, the chief product is dihydrocholesterol, 11 but Vavon and 
Jakubowicz 12 discovered that in the presence of a small amount of hydro¬ 
chloric and the catalytic hydrogenation takes u different stereochemical 
course and gives rpidihydrorholrsterol as almost the exclusive product. 
Previously epulihydroeholesterol had been obtained in small amounts by 
the cpimcriznlion of dihydrocholesterol with sodium ethylate, but the 
reaction reaches a point of equilibrium when only about 10% of the 
material lin*> been Eomcrizcd. 13 No good mule to compounds of the 
coprostanc series was available until (Irasshof 14 discovered that copros- 
tanone ran be obtained in good yield by the partial hydrogenation of 
cholestenone. The C.-C, double bond theoretically can open in two 
ways, with the establishment of either of the alternate configurations at 
C,, and the course of the reduction evidently is dependent upou the con¬ 
ditions, for DiclR and Abderhalden 11 obtained dihydrocholesterol from 
cholestenone by reduction with sodium and amyl alcohol. With copros- 
tanone readily available, Grasshnf 11 found that enprnstprol can be 
obtained by the hydrogenation of the ketone in an acidic medium (glacial 
acetic acid), while Iluzicka and co-workers 16 found that in ethereal solu- 

■ YJipI* md Abderhalden. Btr , 37 3D0n (1004), DipK Gull r mil Kurdinu, Ann , 459, ?1 (1027). 
i» Wind tin, Ber , 39, 518 (lOOftJ, SrhoenheuncT, J Rml Hum , 110,4f.l (1935) 

11 Dirh inti Miderhitldin, Btr , 39, 8M (IOOIj) 

11 VnvnTi and Jakuhomirr, Bull toe cbm , [4J, 53, 5Hf (1*133) 

« Windaut and Uihnjt, Btr , 47, 2,IS A (10H). 
w Gnwliof. Z phwnl Chnn , 223, 240 (1M.H) 

» Tdm, lbtd , 225,107 (1031) 

11 Riuickn, BrQnjner, Eirhonbcrgpr and J Meyer, Ihle. Cbm lrfa, 17,1107 (1034). 
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(A/B: tranfi) 
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Epico prostmil 


tion the chief product of hydrogenation is epicoprosterol. The intercon- 
vereion of the epimers had been observed earlier by Windaus. 17 

The convention regarding the stereochcmiral arrangement of the 
hydroxyl group with respect to the hydrogen atom at Cr,(OH/H:trans, 
in the case of dihydrocholcsterol) is due to Ruziuka 16 and is based upon 
the Auwers-Skita rule that catalytic hydrogenation in an aridic medium 
usually gives cis forms, whereas trans compounds arc produced in a 
neutral solution. Tko configurations indicated in formulas I-IV are all 
consistent with the rule, and if it is the arrangement of the hydrogen 
atom at C, which determines the mode of addition to the carbonyl group 
the configurations are probably correct. The formation of preponderant 
amounts of the tranB compounds I and IV on rearrangement with sodium 
ethylate is also consistent with this definition of the cis-trans relation¬ 
ship. It is uncertain, however, whether the spatial arrangement of the 

■ Wlndaua and Uibrijt, Sir, 48,887 (1915): Wlndam, ibid,, 49,1734 (1916). 
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hydrogen atom at C s or that oi the bond extending from C, into ring B 
should be considered in applying the Auwors-Skita rule, and it is possible 
that the configuration at (\ is the opposite of that conventionally attrib¬ 
uted to each of the compounds I-TV. This reservation was clearly recog¬ 
nised by Rusicka. 

Information as to the stereochemical arrangement of the remainder of 
the cholesterol molecule is still incomplete, although there are indications 
of a tram linkage between rings B and C and between ringB C and D. 
The arrangement, however, appears to be the same in all of the Bterols 
and related natural products, and there has been little occasion to con¬ 
sider isomerism arising from asymmetric centers other than C, and C,. 

Color Reactions. When treated with strong acidB under dehydrating 
conditions, the colorless stcrolB often give rise to beautiful and varied dis¬ 
plays of color. Often there is a period of induction followed by the 
gradual development of a succession of colors. These phenomena form 
the basis of a number of color tests, the more useful of which may be listed 
as follows: 

The Liebcrmann 18 or Liebermann-Burchard 18 reaction. A solution 
of a small crystal of the sterol in cold acetic anhydride is treated with 
a few drops of concentrated sulfuric acid ^Liebcrmann), or the sterol is 
dissolved in chloroform and treated with acetic anhydride and sulfuric 
acid. 

The Salkowski reaction. 20 A solution of the material in rhloroform 
is shaken with concentrated sulfuric acid (colors in both layers). 

The Lifsrhuts reaction. 11 Small quantities of the sterol and of per- 
benzoic acid are heated in glacial acetic at id solution and sulfuric arid 
is added. 

The Tschugajeff reaction .“ A glacial acetic acid solution of the 
sterol is treated with zinc chloride and acetyl chloride and boiled. 

The Rosenheim reaction. 10 The substance to be tested is dissolved 
in chloroform and a few drops of an aqueous solution of trichloroacetic 
acid are added. 

Further elaborations of some of these tests are described by Whitby 18 
and by Schoenhciiner.*® The latter author 80 compared different methods 
for the colorimetric estimation of small quantities of (unsaturated) sterols 


11 Lirbermann, Ber , IB, IS03 (lB8 r >) 

11 Burr hard, Inaugural Dwrtation, BmlorV (18S0), w Chm 7mtr , 1,25 (18*10) 
,# Balkowaki, Z vhynol Chm , 97, 523 (1B08) 

« Lrfaehuti, Bn-, 41,252 (1008) 

■ Tadingnjeff, Chem Ztg , 24, 542 (1000) 

■ Ronanheim, Bwchm 23,47 (P20) 

* Whilbv. itaf, 17,3 (1023) 

* Sohoenhnmrr, Dun and v Oottberg, J Biol Chm , 110,650 (1035). 

■ Srhoarih dinar, Z pJCynal PAmi , 102, 77 (1B30). 
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and found them for the most part less reliable than the pyridine sulfate 
dibromide method (Darn* 7 ) or the bromine-methanol method (Kauf- 
mann“). 

The color reactions distinguish sharply the unsaturated from the 
saturated sterols, for the tests are negative with dihydrocholcsternl, copros¬ 
terol, etc. The colored substances probably arc halochromic salts formed 
by the attachment of the acid or the metal salt to an unsaturated center 
of the molecule. The acetic anhydride or acetyl chloride may enter into 
the formation of the coordinate complex or it may reart chomirally with 
the unsaturated compound. It also appears possible that dehydration to 
a more highly unsaturated substance may orrur at some stages of the 
reactions. The Bosenheim reaction appears to be characteristic of the 
triply unsaturated ergostcrol and of allorholesterol, 20 a labile isomer of 
cholesterol having the double bond at the 4,5-position. It should be noted 
that the color reactions are not specific for the sterols but that many other 
polynuclear hydroaromatic compounds which are unsaturated or poten¬ 
tially unsaturated behave in a comparable manner. 

The color tests arc very useful for the detection of traces of unsatu¬ 
rated sterols in the presence of the saturated compounds, as, for example, 
in determining the purity of a product of hydrogenation. Anderson and 
Nabenhnucr 20 employed a modified Liebermann-Burchard reaction in a 
procedure for the purification of a saturated sterol. A solution of the 
crude material in rarbon tetrachloride i 1 ' shaken with acctir anhydride and 
sulfuric acid, and water is added until the eolored compound containing 
the unsaturated sterol separates as a thick layer fiom the clarified 
solution. 

Precipitation with Digitonin. Many applications ha\e been made of 
the important discovery by Windaus* 1 that cholesterol forms a.remark¬ 
ably Btahlo and sparingly soluble molerulur compound with digitonin, a 
glycosidie saponin of the composition 0 j.H-isO.,,, (page 321) The com¬ 
pound, called cholesteiol digitonide, is made up of one molcrule each of 
cholesterol and digitonin. The substance has no definite melting point, 
but it separates from solutions in a characteristically crystalline form. 
The solubility is so slight (0.014 g. in 100 ec. of 95% alcohol at 18°) that 
the compound is easily freed from foreign materials. Dissociation into 
the components occurs in alcoholic solution to a definite, but very slight, 
extent. The preeipitation of cholesterol from an alroholic solution by 
digitonin affords a sensitive qualitative test for the presence of the sterol, 

• Dun. lhorhrni 7 ,152,101 (1124) 

■"II P Kaufmann, 7 FnfcrJi 31, .1 (lUfO. 

» Winiinun, A tin , 453,101 (1027) 

>■ K J Andmon and Nabenhnucr, J Am Chtm Sac , 46, 11)07 (1024). 

u Windaun, Ber , 42, 230 (1000) 
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a reaction being observable at a dilution of 1:10,000. The reaction also 
serves as the basis for the quantitative determination of cholesterol, the 
precipitated digitomdc being collected and weighed. The original method 
of Windaus 82 has been adapted to various purposes, and is used exten¬ 
sively for the microdetermination of cholesterol in biological material 88 
Use is also made of the precipitation of cholesterol and other sterols by 
digitonin in separating sterols from mixtures. Special methods are required 
for the recovery of the si orob and of the costly digitonin, for the molecu¬ 
lar compounds are so stable that they nre not decomposed, for example, by 
continued extraction with ether. Boiling with xyleuc for several houre 
serves to extract the sterol portion, but certain sterols are far too sensitive 
for such drastic treatment. One method of cleavage depends upon the 
fact that tlie acetyl derivatives of the sterob usually do not combine with 
digitonin: after treatment of cholesterol digitonidc with acetic anhydride 
the cholesteryl acetate can be extracted with ether (Windaus 18 ). An 
improved method consists in dissolving the molecular compound in cold 
pyridine, in whirh dissociation is apparently complete 1 , and precipitating 
the digitonin with ether. 34 The sterol remains in solution. This method 
of cleavage is of value in isolating such substances as allocliolesterul, 
which easily loses a molecule of water. 

The presence in cholesterol of the free hydroxyl group appears to be 
essential to the formation of the molecular compounds, sin re cholesteryl 
acetate (or the i-butyratc or pnhnitate) is not precipitated by digitonin, 
and the same is true of the C,{-halogen compounds and ketones. 33 The 
configuration of the carbon atom carrying the hydroxyl group must, how¬ 
ever, correspond to that of cholesterol. Dihydrocholesterol combines 
with digitonin but cpidiliydrncholcsl erol is not precipitated by the Teagent. 
On the other hand, the manner of linkage between rings A and B is not 
a fartor of importance, for eoprostrrol (but not cpi'coprosterol) forms a 
moleeular compound ns well as dibydrneliolerterol. Digitonin also com¬ 
bines with the phytoslcrols sligmasterol, sitosterol, ergosterol, and fucos- 
tcrol, and it is known from degradations and intercouvcrsions that nil of 
these compounds arc of the jS-type corresponding in the conGguration at 
C, to dihydrorholesterol. No exceptions have been discovered to the rule 
that the /S-cnnipiiiinds are precipitated with digitonin whilo the rpi-com- 
pounds are not, and Femhob 83 has shown that the relationship is main¬ 
tained among degradation products in which the sterol side chain has 

•’ Windnn, Z pftrwrf nt,M , 65, ill) ri'iim 

■ Thdvwi, Din-tan X , 62, SO (10H) In, ,b,i , 104, SJ (I'UII' S rrn ) ,hi , 136,107 (1028), 

Jinnp, "Mikrrunrlhudpn Eiir Bliitunteruiflninjr" Hi l T3il (1022' 

M SphonliHinPi and Dun, Z jiAysie/ Chun , 215, fiO (10-))' 

■ Rrmnt work nf Rnlennndt (pw 2W in liratw Hut then- am e\ri*p1innii to thu rulr flee alnn 
Rutcnandl, TVlimunij mid Haiuvl), Bn , 68, 2017 (11311 

* FernUoli, Z vhyiiol Chem , 232, 07 vL'H'j) 
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been shortened or even replaced by a ketonic group (Bex hormones). The 
importance of the position of the hydroxyl group has not been thoroughly 
investigated, but it iB known that 4-cholestanol is not precipitated by 
digitonin. 

The remarkable Bpace specificity of the digitonin reaction iB of great 
value in stereochemical studies in the sterol series and the reagent can 
be used for diagnostic purposes with a considerable degree of assurance. 
It is also very useful in preparative work for the removal from indifferent 
material of traces of substances capable of combining with the reagent. 
For example in the preparation of epicoprosterol by the hydrogenation 
of coprostanone in ethereal solution a completely pure product is easily 
obtained by precipitating traces of coprosterol with digitonin. For the 
separation of saturated sterols (of the j8-typc) from cholesterol or other 
unsaturated sterols, Schoenheimcr 28 developed a method based on the 
observation that the sterol bromides are not precipitablc with digitonin. 
The mixture is treated carefully with bromme to convert the cholesterol 
present into the dibromide, and digitonin then precipitates only the satu¬ 
rated sterols. 

The Origin and Function of the Sterols. 37 Tt has been demonstrated 
experimentally that the lower plants can synthesize sterols from simple 
substances such as the sugars, and in the case of the higher plants it has 
been shown that the formation of sterols ran occur at any stage of devel¬ 
opment. Until a comparatively recent date it was generally believed 
that the plants alone are capable of effecting the synthesis of the compli¬ 
cated sterol structures. Since cholesterol, the specific sterol of man and 
higher animals, does not occur in plants even in trares, it was assumed 
that the animal body assimilates phytosterols from the diet and trans¬ 
forms these substances into cholesterol. From a knowledge of the struc¬ 
tures it is clear that surh a process would have to involve the Iosb of methyl 
or ethyl groups from the phytostrrol side chains, but there is evidence 
more important than that based on the argument of improbability to show 
that the assumption is not valid and that the animal organism is capable 
of producing its own sterols. 

The question has been investigated in cholestcrol-balancc studies of 
metabolism, and under certain special conditions cases have been observed 
where the amount of cholesterol excreted is greater than that consumed. 
This is an indication that the animal haB the power to produce cholesterol, 
a conclusion which has been confirmed by feeding experiments with sterol- 
deficient diets. Of course the demonstration that under certain conditions 
cholesterol can be formed in the body is no proof that all of the cholesterol 
normally present is due to a synthesis in the organism, and it is necessary 


■ See C E Bills, "Physiology of the Htarolii including Vitamin D," Phynd , Err , IS. 1 (1036) 
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to consider the possibility that the major part comes from vegetable foods. 
Id order for plant sterols to be converted into cholesterol in the animal 
body they would havo to be capable of absorption, 81 and Sohoenheimer 
conducted extensive investigations of the absorbability of various sterols 
with the idea that this might provide a definite answer to the question. 88 
The work was suggested by observations in connection with experiments 
on the production of atherosclerosis in rabbits. These animals are accus¬ 
tomed to a purely vegetable diet, that is, to foods containing phytosterols 
but no cholesterol. When cholesterol is added to the diet the rabbits 
develop morphologically visible deposits of cholesterol in various organs 
and the general change strongly resembles human atherosclerosis. No 
such deposits are formed under normal dietary conditions, and yet if 
the phytosterols present in the ordinary feed of rabbits were all converted 
into cholesterol the amount of this suhstnnee would be ten times as high 
as the dose required to produce atherosclerosis. In investigating the 
matter further, Sclioenheimrr fed huge doses of pure sitosterol to rabbits 
and found tliat, in contrast to the results with cholesterol, the animals 
remained healthy and showed no signs of pathological changes. The ani¬ 
mals contained no more cholesterol than the normal oncB, and quantita¬ 
tive collection and analysis of the feces shuwed that the sitosterol fed is 
completely excreted. 

These and other studies proved conclusively that the phytosterols are 
not capable of being absorbed in the animal organism. 40 A particularly 
crucial test was possible in the case of ergosterol, for very minute traces 
of this substnnee can be detected with the aid of the absorption spectrum 
and by a biological method depending upon the development of anti¬ 
rachitic activity following irradintion. The amount of ergosterol found 
in body sterols following feeding experiments was no higher than nor¬ 
mal, but irradiated ergosterol, on the other hand, was found to be easily 
absorbed. The animal organism evidently has remarkable powers of 
selection. Absorbability is highly dependent upon chemical constitution 
for, in contrast to cholesterol, such closely related substances bb dihydro- 
cholesterol, coprosterol, and allocholesterol are not appreciably absorbed 
through the intestinal wall but pass directly into the feces. 41 

The situation is somewhat different with regard to the lower animals, 
for Bergmann 48 discovered that the unsaponiiiable matter from oysters 
and other bivalves contains in place of cholesterol a Czo-sterol, ostreas- 

* Physiological absorption in defined on I lie pannage of digested fuud through the alimentary rant! into 
Hie blood nr lymph for transference tn various parts nf the body 

n For a review, with references, see Sohoenheimer, flcimer, 74, 579 (1931). 

«• Dam and SLnrup, Bioehm Z„ 278, 312 (1935), found that intravenously injected phytosterol Is 
eliminated by the dog or rabbit ohiefly in the fores. 

11 Rchoenhcimer, Dam and v Gottherg, 4 Bui Them , 110,667 (1036). 

« V. IWgmann, ibid., 104, 317, 553 (1031). 
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terol. It is a doubly unsaturated compound having two carbon atoms 
more than cholesterol and the close relationship of this zoosterol to the 
common phytosterols is shown by the fact that the substance is an isomer 
of stigroasterol and yields sitostanol on hydrogenation. Bcrgmann’s 
observation, “it seems possible that certain molluscs are unable to syn¬ 
thesize cholesterol but that they use directly or in dehydrogenated form 
the phytostcrols of their food, which consists mainly of algae or diatoms,” 
finds an interesting corollary in Hcilbron’s 43 isolation of fucosterol from 
algae. This phytostcrol is an isomer of ostreaslerol and can be converted 
into stigraastanol. 

Although the evidenre is conclusive that the cholesterol present in 
higher animals is synthesized in the animal organism, the site and the 
mechanism of cholesterol formation arc unknown. Whether it comes from 
fats or other primary materials still remains to be determined. Also in 
large part unsolved is the problem of defining the functions of the sterol 
in the organism. From considerations which will be outlined in later 
sections it seems highly probable that cholesterol is the parent substance 
from which the organism produces the important acids of the bile and 
the sex hormones, although the relation ha" not been established physio¬ 
logically. Possibly the antirachitic vitamin D coiner from the same 
source or from a companion substance. However, the amount of rlioles- 
tcrol present in the body appears out of proportion with that which would 
be adequate to meet these requirements, and the distribution of the sub- 
stunre is suggestive of other functions. From the abundance of choles¬ 
terol in the brain and nerves it has been suggested that the substance limy 
be n protective agent for nervous matter. The biological function may 
lie in part associated with the ability of cholesterol to precipitate hemo¬ 
lytic saponins, and the sterol may play a part in controlling cell permea¬ 
bility. None of the various functions suggested has been securely estab¬ 
lished and the problem awaits further investigation. 

Studies of sterol metabolism have shown that the body eliminates 
little cholesterol as such. Undoubtedly some is completely consumed 
within the organism, for it has been demonstrated 44 in experiments with 
mice that on diet" rich in cholesterol the animals can destroy several times 
the normal body content of rholesterol. Rome of the material probably 
is transformed into bile acids and sex hormones, and a small part is trans¬ 
formed by hydrogenation in the body tissues into dihydrocholesterol, 
which finds its way to the feres through the intestinal wall 45 Coprosterol, 
unlike its stcreoisomeride, is not found in the tissues but it occurs in 

<a lftlbron, Phipr*m and Wright, J Chm Roe., 1572 (1034), Coffey, Heilbron, Spring and Wright 
ibid, 1205 (1035) 

44 Kriioenlirfmer iml Urrurrh, J Riol ('him , 103, 43tylD331 

u Srhoanhrinipr and v. He hung, Z phenol, Chem., 102,102 (1030) 



CONSTITUENTS OF THE BILE 


m 


much larger amounts in the feces. It has been generally assumed that 
coprosterol is formed from cholesterol by the action of reducing bacteria 
in the intestines, but Schoenheimcr 40 has recently questioned this assump¬ 
tion. Under all known conditions of hydrogenation in the laboratory 
cholesterol yields only dihydrocholesterol, and the reduction which occurs 
to a slight extent in the tissues gives the same isomer uncontaminated 
with coprosterol. Schoenheimcr has suggested that coprostcrol may arise 
not as a product of direct hydrogenation but through one or more inter¬ 
mediary products such as cholcBtenone or coprostanonc. The ketones 
may be formed through an oxidation mechanism and converted into 
roprosterol by reducing bacteria. Preliminary support for this view has 
been obtained in highly ingenious feeding experiments using deuterium as 
an indicator to establish the identity of products isolated from the fcccs. 
Employing coprostnnone-4,5dj, Rrhuenheimer was able to demonstrate 
the biological conversion of coprostanonc into coprosterol. 

The Bile Acids. ITuman bile is a golden brown liquid having an 
alkaline reaction (pH 7.8-8 0) and containing inorganic salts, bile salts 
(sodium salts of conjugated bile acids), and small amounts of cholesterol, 
lecithin, and bile pigments The principal pigment is bilirubin, an oxi¬ 
dation product of hemin. Bile is produced in the liver, stored in the gall 
bladder, and secreted in small amounts into the intestines, and its chief 
function is to promote the resorption of fats and of cholesterol in the 
intestinal tract The bile salts, which arc the chief constituents of the 
solid matter of bile, have the specific power of keeping water-insoluble 
substances in solution or dispersion Whethei they function entirely as 
emulsifying agents or form water-soluble molerular compounds with the 
fats (page 131), the bile salts enable the lipoids to become absorbed on 
the intestinal mucosa. Bv enhancing the action of hvdrolytic enzymes 
on the absorbed fats, the bile salts further promote the diffusion of the 
substances through the membrane, while the salts themselves are returned 
to the solution. 

After submitting the bile of an animal to alkaline hvdrolysiR, an acidic 
fraction may be obtained which is composed of a mixture of bile acids. 
The material from ox bile consists chiefly of cholic acid and desoxycholic 
acid, with smaller amounts of chcnode&oxycholic acid, lithocliolic acid, 
and other related substances. The structures of the four principal bile 
acids from this source are indicated in the formulas on page 124, and 
it will be seen that they all have the same carbon skeleton and that they 
differ only in the number and positions of the secondary alcoholic groupB. 

■ Scliofriihmnipr, ttitltMiherg anil (iniff, J J?iwJ Chtm , 111, ISS (W i p 0 Hio alw Row nhoim and 
Wriialpr, Natun, 136b 471 (1043) 
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The hydroxyl groups in each case are distributed among the positions C l( 
C„ and C u . On heating any of the acids in vacuum and slowly distilling 
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the material, water is eliminated and an unsaturated arid may be obtained 
in which the number of double bonds corresponds to the number of hydroxyl 
groups originally present. Cholic acid gives a cholatrienic acid, the two 
dihydroxy compounds, desoxycholic acid and clicnodesoxyeholic acid, 
yield clioludienic acids, and lithocholic acid is converted into a cliolcnic 
acid. All of these unsaturated acids are converted on catalytic hydro¬ 
genation into the same saturated compound, cholanic acid. The four 
substances isolated from ox bile can he described as hydroxy-, dihydroxy-, 
or trihydroxy-cholanic acids, and the acids all correspond in the con¬ 
figuration of the ring system Like the sterols, the bile acids are deriva¬ 
tives of pcrkydro-l,2-cyr]opeiitem>phrnanthrciic, and the side chain cor¬ 
responds in structure with a part of the characteristic sterol side chain. 
It will be shown later that cholanic acid belongs to the stereochemical 
series of coprostane (rings AB: cis decalm type) rather than of cholcBtane. 

The acids occur in the bile in peptide-like conjugation with glycine 
and taurine, as the water-soluble sodium salts. The hydrolysis of the most 
abundant conjugated acids of ox bile proceeds as follows: 

NaOII 

C > TI,(OH) I CONHCH 1 COOn-►C n H ll (()II) I COOH+CH,(NH,)COO!I 

Glycocholic acid Cholic arid Glycine 

NaOH 

C ii H h (OH),CONHCH i CIT^O|H-> C,H - (OH),COOFI+CH,(NH,)CH 1 SO,H 

Taurocholic acid Cholic acid Taurine 
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Glyoo- and tauro-desoxycholic arid also have been isolated and the 
other bile acids are known to occur in conjugation with the amino 
acids. The glyco-acids are somewhat more abundant constituents of 
human bile and ox bile than the tauro-coinpounds, but there are varia¬ 
tions from Bpeeics to specicB. Hog bile contains principally glyco-acids, 
while codfish bile is particularly rich in tauro-bile acids. The conju¬ 
gated acids are somewhnt more strongly acidic than the free acids. The 
isolation of the conjugated acids from bile iB a troublesome and uncertain 
procedure, and the free acids are much more readily available. The syn¬ 
thetic conjugation of the components was accomplished at an early date, 47 
but a practical method has become available only recently. Cortese and 
Bauman 48 protected the hydroxyl groups of cholic acid with formyl 
groups, prepared the acid chloride, and coupled this with glycine in alka¬ 
line solution, the formyl groups being hydrolized in the latter process. 

Cholic arid is the most abundant of the acids obtainable from ox 
bile and the isolation is not a difficult matter. Desoxycholic acid can 
be prepared fairly easily from the Banic source, 48 but the isolation of the 
other acids of ox bile is a very difficult matter. According to Wieland 
and Weyland 80 100 kg. of ox bile yields b-6 kg. of cholic acid, 600-800 g. 
of dcsoxyrholic acid, and about 2 g. of lithocholic acid. Chenodesoxycholic 
acid appears to be present in even smaller amounts than lithocholic acid. 
Lithocholic acid (Gr. lithos, stone) was obtained for the first time not 
from bile but from gall stones. H. Fischer 81 discovered thiB rare acid in 
1911 in an investigation which had as the primary object the study of 
the bile pigment bilirubin, and which initiated the brilliant series of 
investigations of the blood pigments from which bilirubin arises as an 
oxidation product. The bilirubin was extracted from the gall stones and 
lithocholic acid appeared as an incidental product in the course of the 
separations. 

Investigations of the constituents of the bile of various animals 81 
have furnished many interesting and useful results. The hydroxycholanic 
acids thus far isolated arc listed in the table, which includes references 
regarding the less common of the substances. Hyodcsoxyeholic acid 
(Gr. hyo-, swine), which iB readily obtainable from hog bile, has been 

n Bondi ind E Mailer. 7 phyiraI (Iktu , 47,491 (l'HXO. WiuUnd and Strader, iM , 106,181 (1410) 

« Cortne and Bauman, 1 dm Chrm Foe , 57,1J 4 U (1035) 

• Rimnlified proredun a for the isolation uf rhnhfi and and dewmyi hnlir arid arr Riven by Cattormann- 
W (eland, "Laboratory Methodi id Orgnmr Chermifry” pp 39S-402, the Marmillan Company, New York, 
1032 

* Wioland and Weyland, Z physiol Chem , 110,128 (1020). 

« II Fisrhrr, ibid , 73, 204 (1B11) 

11 For a summary of (hp literature aeo R Okamura and T Okamuia, ibid., IBS, 11 (1B30) 
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Bob Acids 


Name 

Formula 

Position** 

of 

hyrirowl 

glOlips 

Mp. 

[■Id 

Sources 

Cholic and. 

Cj.U^O, 

3,7,12 

195° 

+ 37“ 

M,m, ox, goal, sheep 

P-Phocarrholic and" 

CjiH^O, 

3,7,23 

222° 

+ 28° 

antelope 

Wall us, seal 

Nutriacholir ncni r4 
Dpsoxyrholir acid 

c.,n„o. 

3,12 

198° 

17G° 

1 55° 

Swamp beuvrr 

Man, ox, goat, sheep, 

Chenodesoxy ch oil r 
acid" . 

C^HwO, 

37 

110° 

H 11° 

deer. ant Hope 

Mm ox, goose. hen 

Hyodeooxycholip 
acid" . 

GJIJO, 

3.6 

197° 


Flog, hippopotamus 

Ursodeoxycholic 
acid " . 

CjjHmO* 

3.(7) 

198° 


Rnir 

Bufodrsnxyrholir 

and" . 

Lithocholic and " 

CnH^O, 

CMh | 

3 

IRC" 

4 32° 

To,id 

M.in, n\ 


of considerable importance in the studies of structure. Windnus 1,1 found 
that hyodesoxyrholic acid is a 3,H-dihydroxy compound and consequently 
that only one of the substituents corresponds in position to the hydroxyl 
groups of cholic acid. This is also true of the ur^odrsoxychnlic acid (L. 
terms, bear) described by Kaziro.® 7 The discovery of 3,7-dihydroxy- 
cholanic acid was announced simultaneously by "Wieland BB and by 'Win- 
daus BS in 1924. Wieland isolated thiB isomer of dcsoxycholic acid from 
human bile and called it anthropodcsoxycholic acid (Gr. anthropo, man), 
while Windaus discovered the substance in the bile of the goose and named 
it chenodesoxycholic acid (Gr cheno, goose). Although the two investi¬ 
gators have reached no agreement as to the name, it would seem that Win- 
daus’ designation may be given the greater weight because the prefix 
originated with Heintz and Wklicenus, who apparently had obtained the 
acid in question from goose bile in 1859 but had failed to achieve n puri¬ 
fication sufficient to reveal the true formula. Bile from cadavers con¬ 
tains nearly as much chenodesoxycholic acid ns of the isomeric 3,12-acid, 
while the amount present in ox bile is extremely small. 00 

11 fltrurtun* Wind min and van Hrhoor, Z rhynol Ch*m , 173, 312 (l'llIS) 

M Isolation Urifil and Hi ninlir I, ibid , 220,100 (1033) 

n Illation. WimlauB. Buhnp and Srliaarfknjjf, ibid , 140, 177 fL02J) Wi plant] mil licveny, ibtd , 
140, 106 (1024). 

“ OtruPturc Wmriun and Bulinc, 4nn , 433, 27S (102.3) WimliuN, ibid , 447, 233 (1P2H), Z finotui 
Chrm , 30, 300 (1023) An iinpnn nI procedure fur the isolation of the acid is described by Wuland and 
Ciunilich, Z phynml Chrm , 215,18 (10.13) 

w fitrurtur? Rooron ICniiro, ibtd , IBS, 161 (1020), 107, 206 (1031) 

■ Isolation Htid rhararteriMtirm or the non-ciyVallinu product T Okaraura, bcc Chem. Ztnti , 1, 2L24 
(1928), 1,1113 (1029), li 1310 (1930) 

■* Isolation H. Fischer, Z phf/nrd Chtm , 73,204 (1011) Cliitf wtenratiou Wiclmd and Weylsnd, 
tW , 110, 123 (1020) 

■■ Wieland and R Jacobi, tbid , 148, 232 (1026) 






CHOLANIC ACIDS 


127 


Nearly all of the bile acids have been submitted to dehydration fol¬ 
lowed by hydrogenation, or converted by other methods into tho hydroxyl- 
freo acids. As stated above cholic acid, desoxy-, chenodesoxy-, and litho- 
cholic acids all yield the same substance, cholanic acid, but this is not true 
of any of the other compounds investigated. Although hyodesoxycholic 
acid belongs to the stereochemical scries of cholanic acid (and coprostane), 
a stereochemical inversion occurs in the course of the degradation for the 
saturated acid has a different configuration and is called affocholanic acid. 
The substance has been shown to belong to the same series as cholestane 
and dihydrocholesterol (rings A/U: trans decalin type). The config¬ 
uration of the other cholanic acids (see table) is unknown. 


The Cholanic Anus 


Mp 

i«iit 

Rourci o 

Cholanic acid" 1 

108“ 

H 217° 

Copiosl.inr, rholic acid, desoxy-, 




ch( nodcsoxy-, and litho-rholic acid 

Atfocholunir acid u 

170° 

H 225° 

Cholcstinr, hyodesoxycholir acid, 




srillnridin A (p 295). 

UiMxholamr acid"' 

153 n 

— 3S 1“ 

l T rsodi snxvrholic and 

IhifoclioJanic acid 14 ... 

230“ 

-20 3° 

Bufridrsoxyrholir acid 

Isolmforholanir arid " 

179“ 

+ 50 5“ 

Hufotihn (p 306) 


One objective in view in the continued search for new bile acids and 
for companion substances is the establishment of the phvsiological rela¬ 
tionship of the bile acid& to other products of the animal body A knowl¬ 
edge of the structures of inlermcdiatc products of metabolism might reveal 
the origin and the fate of the acids of the bile, and some advances in this 
direction already have been made. From the residues of the commercial 
preparation of cholic and desoxvcholic acids from ox bile Wieland and 
Kishi fl0 isolated two new acids, the first of which was shown to be 3-hy- 
clroxv-12-ketocholanic acid. An isomeric substance, 3-hydroxy-6-keto- 
uffocholanir acid was isolated by Fcrnhnlz 67 from hog bile Ilvdroxyketo 
acids of this type may be the natural precursors of the polyhydroxy acids 
of the bile. That the reduction of keto acids can occur in the body has 
been demonstrated by Yamasaki and Kyogoku, fls who injected 3,7,12- 
triketocholanir acid subcutaneously into toads and investigated the mate- 

■i Wirlund mil Wail, Z phyvol CKm , BO, 2S7 (1012) Will mil ind Biwrerli, ibid. 106,101 (1019); 
Wiitfku, snd Ncukirrhra, Bcr , 92,1018 (1010) 

■ WincLioit and Neukirohnn, lor ril Wiiidun mil Bol.no inn , 433, 2** I fl')21) 

" Shoda, boo (Vm Zmtr , 2, 07s (1028) Kamo, Z rhyiiol Chrm 185, nHI020). 

•» T Okimum, T Bimhrm (fap), 10, A (102S), 11,101 (1020) 

WiPland, Qmr and If Moyer, d An, 493, 272 (10 )2). 

M Wnliuid and Kiriu, Z phyuvl Chem , 214, 17 (10? 1) 

« 1 prnholr, ibid , 214,47 (1033) 

“ YunoHAki and Kyogoku, »M , 233, 20 (1035) 235,43 (1035) 
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rial excreted in the urine. Reduction in the animal organism was found to 
oocur at the 3-poBition. 

The second compound (sterucholic acid) isolated by Widand and 
Kishi w probably has thr composition C„H 4(l 0 4 , although C Jt - and C„- 
fonnulas are not excluded. Since the usual bile acids are C M -oompounds, 
while the sterols contain from twenty-seven to twenty-nine carbon atoms, 
it is clear that the new substance is related to the stcrolB in composition 
and to the bile acids in properties. A similar acid wbb obtained by 
Shimizu and Oda 88 from the winter bile of the hibernating toad, which 
differs considerably in composition from the bile excreted while the ani¬ 
mal is exposed to Bunlight. They regard the substance os a transitional 
product remaining from arrested metabolism. The probable formula of 
the "trihydroxybufosterocholenic acid 1 ' is C„,H 4 b O„ but the evidence 
regarding the composition and the structure is still incomplete. The rigid 
establishment of the empirical formulas of these intermediate acids is a 
matter of considerable importance, for if they arc indeed C 2 ,-compounds 
they cannot originate from cholesterol. The phytosterols arc excluded as 
precursors, for they are not absorbable. 

More fully characterized is the substance scymnol, isolated from the 
bile of the shark {Scyvmvs borealis) by Hammarsten. 70 In place of bile 
acids of the usual type, and apparently fulfilling similar functions, shark 
bile contains the sulfuric acid ester of scymnol, a neutral, tetrahydric 
alcohol C,.H 4 „0,. Investigations of Windaus 71 and of Tschesche 72 have 
established the main outlines of the structure of the substance, as indi¬ 
cated in the provisional fonnula. Scymnol contains three secondary alco¬ 



holic groups and one primary group, for it yields on oxidation a triketo- 
monocarboxylic acid having twenty-seven carbon atoms. The fifth, non- 
hydroxylic oxygen atom probably is present in an ethylene oxide ring, 
for scymnol forms a chlorohydrin on reaction with hydrogen chloride, 
and from this the oxide may be regenerated. The position of the oxide 

h Bhimixu and Oda, Z jihj/nol Chm , 227,74 (1031) 

n Hcunmanton, ibid , 24,322 (1808) 

n WindMU, W. Bercnuum and G. Kdnig, ibid , 180,148 (1080). 

* TiehoMbe, tbid., 201,203 (1081). 
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ring ia indicated by the further oxidation of the above 27-carbon acid to a 
24-oarbon triketooholanic acid. The oxide ring must be linked either at 
C u -C u as indicated in the formula or at C 1S -C 1T . The triketo acid differs 
from 3,7,12-triketorholanic acid obtained from cholic acid, but it yields 
the known 7,12-diketocholanic acid on Clemmensen reduction. This fixes 
the ring system aud the location of two of the secondary hydroxyl groups 
(at C T and C ia ). The third such group cannot occupy position C, and, 
since the triketoacid appears capable of ready cnnlisation in alkaline solu¬ 
tion, the most probable point of attachment is at C« (conjugated dienol). 
Although there are still two points of uncertainty regarding the structure, 
it is clear that scymnol has the same number and arrangement of carbon 
atoms as cholesterol and coprosterol. Since it apparently lacks the char¬ 
acteristic hydroxyl group at C„ scymnol can hardly be a direct oxidation 
product of either of these substances, but it may well come from a related 
sterol or from a common parent substance. 

The Choleic Acids. Cholic acid is a colorless, crystalline solid of 
high melting point and slight solubility in water. It separates from solu¬ 
tions in alcohol or in aqueous acetic arid with one molecule of alcohol 
nr water of crystallization, and the solvent is held very tenaciously and 
con be removed completely only nfter prolonged heating at reduced 
pressure. 

With desoxycholic arid the property of forming stable molecular com¬ 
pounds iB magnified to a high degree. The unique character of the 3,12- 
dihydroxy acid was discovered by Wieland and Sorge 13 in an important 
investigation which originated in an interesting manner. A substance 
known as "choleic acid” had been isolated from bile many years earlier 
and it was commonly regarded as a true bile acid, probably isomeric with 
desoxycholic acid. Wieland and Sorge subjected this substance to dehy¬ 
dration by vacuum distillation in the expectation of obtaining an unsatu¬ 
rated arid similar to that resulting from the dehydration of desoxycholic 
acid. The substance, however, was not an isomer of the rholadienic acid 
hut identical with it There was also formed a small amount of a fatty 
acid (palmitic nr straiic arid), aud it waR shown that this docs not arise 
through a pyrolytic rupture of the original ring structure, but that it is 
present in the "choleic arid” in molecular combination with deRoxycholie 
acid. The supposed bile arid is a rodrdinative compound containing one 
molecule of the fatly arid nnd no less than eight molecules of desoxycholic 
acid. The complex dissolves in alkali without change and the stearic acid 
is so firmly bound that it can he split off only with difficulty, as by trans¬ 
forming the bile acid into products of dehydration or oxidation. A sub¬ 
stance identical with the "choleio acid” crystallizes from an alcoholic 

n Wieland tad Sorge, Z. fhyntA. Ckm , 97,1 (1016) 
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solution of desoxycholic acid on the addition of stearic acid. The melting 
point is fairly sharp (186°) and appreciably higher than that of desoxy¬ 
cholic acid. So smnll is the proportion of the fatty acid that its presence 
is not easily apparent from the analytical figures. 

Following this discovery, Wicland and Sorgo and later workers found 
that desoxycholic acid forms remarkably stable molecular compounds not 
only with the higher fatty nrids but with simple acids, esters, alcohols, 
ethers, and phenols. Stable additive compounds are formed with choles¬ 
terol and with certain aromatic hydrocarbons and certain alkaloids. These 
unique substanres, which are known in a wide variety of types, are now 
referred to as the choleic acids. Compounds which combine with desoxy¬ 
cholic acid have been called the “acholic” constituents of the choleic 
scidB. 74 

From a systematic study of various series of eholcic acids from fatly 
acids and esters, Rheinboll 7S concluded that the ability to combine with 
desoxycholic acid is dependent upon the size nnd character of the hydro¬ 
carbon part of the acid or ester. In the series of monobnsic fatty acids, 
formic acid alone fails to form a compound. The other acids combine 
with Hie bile acid in varying but definite molecular proportions to pro¬ 
duce well-defined, crystalline choleic acids. That it iB the hydrocarbon 
residue and not the acid group which is essential is clparly indicated by 
the ability of desoxycholic acid to combine with nonnnl paraffin hydro¬ 
carbons (hexadccane, doderanc). 78 The choleic acid of acetir acid con¬ 
tains the components in equimolecular proportion, while propionic acid 
forms a 1:3 compound with desoxycholic acid. The normal acids having 
3-7 carbon atoms in the hydrocarbon radical fonn 1:4 compounds, those 
having 8-13 carbon atoms combine with 6 molecules of the bile arid, and 
with the higher acids the ratio is 1:8. Rheinboldt noted that the number 
of molecules of desoxycholic acid found in combination with the acholic 
constituent conforms to the coordination principle and may be regarded 
as a coordination number: 1,2,3,4,6,8. As with other coordination com¬ 
pounds, the space requirements apparently arc not satisfied by a cluster 
of 5 or 7 surrounding molecules. Branching the chain of the arids tends 
to reduce the coordination numbers, and with such compounds the coordi¬ 
nation number is that of the longest straight chain in the molecule. 77 
Hcxnmrthylcthanr forms no choleic acid in alcoholic solution. 78 

The choleic acids differ greatly in their solubility in organic solvents 
and in the degree of association of the components in the solutions. Ethyl 

TI Hnlntkn End Ooldbonr, Bioekm J , 26, DOS (1932). 

'• Rheinboldt, Ann , 451, 256 (1126); Z. p/wriol. Chrn., 150, ISO (I'm); Htirtnboldt, 0. Kflnln and 
Otten, dnn, 473, MO (1020). 

" Finer nnd Newman. J. Am. Chm. Bnc , 57.1002 (1935). 

n Sobotkn and Goldberg. Btochrm . J , 26, 500 (1932); Cliargaff and G. Abel, tftuf, 28, 1901 (1934). 
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alcohol is commonly used for crystallizing desoxycholic acid because it 
forms a rather labile complex from which the acid can be recovered by 
prolonged drying in vacuum. Xylene displaces alcohol from the complex 
even in an alcoholic solution and xylene-choleic acid separates in a crys¬ 
talline condition. By crystallization from glacial acetic acid the xylene 
can be displaced by this reagent. Precipitation of the ether complex 
affords a convenient method of puriiying the bile acid. 74 Naphthalene 
and some of the higher aromatic hydrocarbons form choleic acids in alco¬ 
holic solution, for example acenaphthone, phenanthrenc, and raethylchol- 
anthrene form crystalline complexes of coordination nu m bers 2, 3, and 
4, respectively. 70 In each case the melting point is higher than that of 
either component. Other hydrocarbons (e. g. anthracene, chrysene, 1,2- 
benzpyrene) crystallize in the fiec state from alcoholic solutions of desoxy¬ 
cholic acid. The formation nr non-form at ion of a choleic acid under these 
conditions is dependent merely upon the relative solubilities of the com¬ 
ponents and of the complex and upon the degree of association of the 
coordinate compound. A dilute solution of methylcholanthrcne-choleic 
acid gives the spectrum of the pure hydrocarbon, indicating that the molec¬ 
ular compound is completely dissociated. 

The rholeic arids dissolve in ddutc alkali, on the other hand, without 
dissociation into the components. Water-insoluble substances, including 
fats and higher aromatic hydrocarbons, can he brought into aqueous solu¬ 
tion in the form of the sodium salts of the choleic acids On discovering 
this remarkable phenomenon, Wicland and Sorgo suggested that the dis¬ 
solving power of the bile mav be due to the "choleic acid principle.” 
While the hypothesis is an attractive one, there are reasons for ques¬ 
tioning the importance of molecular compound formation in the proc¬ 
ess of fat resorption Desoxyeholie acid is not the most abundant con¬ 
stituent of animal biles, and the other naturally occurring bile acids do 
not sliaic the property of forming choleic acids. Furthermore desoxy¬ 
cholic acid is not present in bile in the free condition but in conjugation 
with glycine and taurine, and it is questionable if the natural conjugated 
bile acids form coordinate compounds of stability at all comparable with 
that of the desoxycholic acid compounds 78 The sodium salts of the con¬ 
jugated bile acids are responsible for the pronounced power ol the bile 
to dissolve water-insoluble fats, but the substances apparently act by 
surface forces and actual compound formation probably is of little sig¬ 
nificance. 

The unique character of the choleic acids suggests interesting applica¬ 
tions which have been only partially explored. Sobotka found that choleic 

n Sell too, Z phynol. Chm , 199, 225 (1<)J1). 
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add formation favors the keto—tenol change, 79 and further experi¬ 
ments of this investigator suggest the possibility of resolving dl-mixtureB 
of chemically inert compounds by crystallization of the choleic acids. 10 
Substances acquire considerably modified properties when present in coor¬ 
dinate combination, for example benzaldehyde-choleio acid is not subject 
to autoxidation. The resorption in the alkaline intestinal tract of alka¬ 
loid drugs which are water-insoluble, may be dependent upon the choldc 
acid principle (Wieland). The molecular compound of camphor with 
desoxycholic acid has been employed as a pharmaceutical preparation 
(“Codechol”). 

Although the other acids obtained from bile do not form stable choleic 
adds, the special property of desoxycholic acid is shared by the trans¬ 
formation product apoeholic acid. Boedecker 81 obtained this substance, 



and 

together with the isomeric 3,12-dihydroxycholenie acid, by the action of 
mild dehydrating agents on cholie acid, and Yamasaki 1,2 showed that 
3,12-dihydroxyrholenic acid rearranges to apoeholic arid in the presrnce 
of Btrong acids even at room temperature. The rearrangement involves a 
migration of the double bond from an active to an inactive position, for 
the more labile isomer can be hydrogenated, yielding desoxycholic acid, 
while apoeholic acid is not susceptible to catalytic hydrogenation. From 
these and other observations, Wieland and Dane ,a were able to establish 
fully the structure of 3,12-dihydroxycholenic acid and to Bhow that the 
double bond of apoeholic acid probably is located between the two bridge 
heads C, and C„. The isomers differ from desoxycholic acid only in having 
one ethylcnic linkage in the otherwise saturated ring system, and it is very 
interesting that apoeholic acid is capable of forming stable choleic acids 
while this property iB not shared by 3,12-dihydrnxycholcnic acid. Pos¬ 
sibly it iB the inactive character of the double bond of apoeholic acid 
rather than its specific position which allows the substance to function like 
the saturated, naturally occurring acid. 

'• Bobotka and Kahn, Bwhm 1, 26,818 (1032). Bit , 65,227 (1032). 

» Bobotka and OoMbna. «Md , 26,006 (1932) 

«1 Doedackrr, Bn , S3,1362 (1020), Botdcrkrr and Volk, ibid , S4,2480 (1021) 

■ Yamasaki, Z. pbynol Cbm., 233,10 (1036) 

■ Wlriaad and Dana, Mi., 212, 263 (1032). 
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Investigations or Steuctuhe m 

The Nature of the Problem. The investigations directed to the eluci¬ 
dation of the structures of the sterols and bile acids were besot by a con¬ 
spiracy of adverse factors. The structural formulas eventually assigned 
show that the problem was inherently difficult, for the substances are of 
n very complicated type for which there was Bcanely any previous paral¬ 
lel. Hydrogenated polynuclear compounds were not available by syn¬ 
thesis for comparison studies. When it is considered that cholic arid con¬ 
tains no less than eleven asymmetric carbon atoms it is clear that the pos¬ 
sibility for stereoisomerism is enormous. The natural products often crys¬ 
tallize quite well when they are perfectly pure, but the process of crystalli¬ 
zation can be thrown completely out of gear by the presence of Bmall 
amounts of foreign bodies. Since the large molecules offer particular 
opportunity for the occurrence of side reactions, transformation products 
usually must be separated from mixtures by repeated, Blow crystalliza¬ 
tions. The yields arr often very poor, and it is a matter of particular 
interest that it was because of the difficulty experienced in obtaining a cer¬ 
tain bile acid degradation product in quantity sufficient for characteriza¬ 
tion that Prcgl undertook the development of his classical methods of 
microanalysis. These methods proved to be of inestimable service in 
the subsequent investigations in this and other fields. Another source 
of difficulty and delay in working with the bile acids is associated with 
the tendency of tliese substances to form molecular compounds and to 
retain solvents. It may be said finally that the long and arduous study 
of a succession of compounds of much the same crystalline character was 
at no point cither assisted or enlivened by the appearance of colored 
substances. 

Early Observations. Three phases may be distinguished in the inves¬ 
tigations of the sterols and bile acids, the first being that in which atten¬ 
tion was directed chiefly to the isolation, analysis, and characterization 
of the compounds. Accurate analyses of cholesterol were carried out by 
Chevreul in 1823, and in 1859 his results were recalculated to the modem 
basis by Berthelot, who suggested the formula C 20 H M O, for which the 
theoretical composition is: C, 83.80; H, 11.91. This is remarkably close 
to the correct formula G ST H (b O (C, 83.86; H, 11.99) established by Rei- 
nitzer in 1888 from the analysis of halogen derivatives, which offer a better 
means of discrimination. Early work on the nature of the constituents 
of bile and of gall stones was reported from the laboratories of Gmelrn, 
Thenard, Berzelius, and Liebig, but the first isolation of pure substances 
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was reported in 1848 by Strerker, who obtained the conjugated acids 
glycocholio acid and laurochohc acid. In 1886 Myiius isolated desoxy- 
cholic acid from hydrolyzed bile and Hammarsten soon obtained tauro- 
drsoxychohc add. “Choleic acid/’ the supposed isomer of desoxycholic 
acid, was isolated by Latschinoff in 1885. 

Of the earlier findings regarding the nature of the functional groups, 
only a few of the more significant observations will be outlined. In the 
caRe of cholesterol the presence of the hydroxyl group was established by 
Brrthelot (1859) by the preparation of acyl derivatives, and Diels and 
Ahdcrhalden 6S in 1903 showed this to be a secondary alcoholic group 
by the dehydrogenation of cholesterol to cholcstenone. Wislicenus and 
Moldenhaucr 80 (1868) established the presence of the double bond by 
the formation of a dibromide, and the parent hydrocarbon, cholcstane, 
was obtained by Mauthner and by Diels (1907-1909). 87 One route to 
the saturated hydrocarbon is by way of the chloride of cholesterol, as 
shown in the formulas (a). The Btcreoisomer coprostanc (or pscudo- 
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cholcstane) was prepared from an isomerization product of rholcstcnc (b) 



(l 

ChuWeuc Cholesteric lVudocliolretcnr Copiostanc 

hrdmchloiule 


While the hydrogenation of pseudorholeMcnr m neutral solution yields 
principally coprostanc, cholcstane is the exclusive product when an acidic 
medium is employed. Coprostanc can be obtained also by the reduction 
of coprosteryl chloiide with sodium and amyl alcohol. 88 

Since cholestanc and coprostanc nre saturated compounds, the empiri¬ 
cal formula C IT H 4 „ in comparison with that for an open chain paraffin 
hydrocarbon (C iT H,„), indicated the presence of four rings in the choles¬ 
terol molecule. The same inference was drawn in the case of (he bile 
acids. The functional groups of these substances were characterized by 

■ Dull Mill AbdorhaMrn, Bn . M, 3177 (1903); 37 ,3M2 (1901) 

■ WnlitenuB and Mnldcnhauer, Anp , 146, 175 (1868) 

« Mauthmt, Mmntnh . 28, 1118 (1007); 80, 635 <1IW») Did* And Linn, Btr , 41, ril4 (1908). 

■ Windaui* and (libne, ^tr n 48,557 (1910). 
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orthodox methods and the parent substance cholanio acid was obtained 
in the manner already described. 

The Method of Attack. In the second phase of the study an insight 
into the structures of the complicated molecules was sought through an 
examination of various produrts of oxidation, and the most important 
contributions to this part of the work are associated with the names of 
Borsche, Diels, Mauthner, Schenek, Wielund, and Windaus. Of outstand¬ 
ing brilliance was the work of Windaus on cholesterol dating from 1903 " 
and that initiated by Wieland 90 in 1912 in the field of the bile acids. The 
long series of investigations at Gottingen, and at the Freiburg and Munich 
laboratories, followed for a time parallel but quite independent paths 
and the method of attack in cnch case was by degradation. To attempt 
to approach the problem by the synthesis of substanres which might be 
related to the complicated naturul products was nut of the question, not 
so much because adequate synthetical methods would have to be devel¬ 
oped, but because there was no characteristic property to serve as a guide 
to such work. H. Fischer was able to investigate the blood pigments from 
the synthetic side because the highly distinctive absorption spectra of 
the porphyrins made it possible to determine when the synthetic attempts 
were leading in the right dirretion. Such a method was excluded in the 
case of the colorless and for the most part saturated, bile acids and sterols. 
Conversion to an aromatic substance by dehydrogenation, a method 
which would be expected to give valuable information as to the carbon 
skeleton and which was of Mich servire in the case of the resin ncids, prob¬ 
ably was tried many times with negative result*, for the dehydrogenation 
presents unusual experimental difficulties When eventually success was 
achieved in 1927 the results formed an important link in the chain of 
evidence, but this work belongs to the most recent phase of the investi¬ 
gations and will he discussed later 

Attempts to determine the character of the ring systems were made 
at an early date in the studies of oxidative degradation, but this proved 
to be the most difficult part of the problem. The elaboration of the char¬ 
acter of the side chains was by no means simple, but this part of the work 
was the first to he carried to a sure conclusion and it affords the more 
convenient starting point for a description of some of the advances made 
by the German investigators. 

The Characterization of the Side Chain. The ready oxidation of 
both the sterols and the bile acids had invited rarlv attempts to charac¬ 
terise the host of oxidation products which can be obtained by operating 
under various conditions. Tt had been observed as eariy as 1872 that 

"Wind,,!,. H,r 36, 17'.' (I'll) 1 1 

" Wiriand and WrU, 7. phi/vol Chm SO, JK" il«U) 
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a pleasant smelling substance appears in the course of the oxidation of 
cholesterol and its derivatives. Various investigators had commented on 
the odor and Diels in 1908 noted a resemblance to that of methylhexylke- 
tone. Finally Windaus in 1913, 91 using in all 500 g. of material, suc¬ 
ceeded in isolating the oderiferous substance in the form of the Bemi- 
carbasone and in identifying it as methylisohexyl ketone: 
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Although the fate of the ring system was not established and although 
the yield was poor, subsequent findings confirmed Hub evidence. 

The establishment of a relationship to the bile acids would serve to 
fix the nature of the side chain in this case as well. The investigations 
of the sterols on the one hand and of the bile acids on the other hand had 
been undertaken as separate and independent problems, but such a rela¬ 
tionship had been suspected at least as early as 1908, ,8 for the two types 
occur together, they resemble one another in composition and molecular 
complexity, and they both give certain characteristic color reactions. No 
real evidence was forthcoming, however, until Windaus 93 succeeded in 
establishing a connection between the two series in 1919. The method 
was suggested by the observation that acetone usually is formed in the 
oxidation of cholesterol derivatives (C 27 ) but not of the bile acids (C Z J, 
an indication that the carbon systems may differ by an isopropyl group. 
In order to retain the carbocyclic system the saturated hydrocarbon chol- 
estane was subjected to oxidation, nnd there was obtained an Reid having 
the composition of cholanic acid, the parent substance of the bile acid 
group, which had been prepared and characterized by Wieland and Weil. 90 
The two acids were not identical, but the general similarity in properties 
suggested that they might be stereoisomers The oxidation of coprostane 
was next investigated and the acid obtained was in every respect identical 
with Wicland’s cholanic and. The evidence that the carbon skeleton of 
the bile acids faidentical with that of a large part of the cholesterol mole¬ 
cule was later confirmed by the resynthesis of coprostane from cholanic 
acid. 91 The two separate problems were in this way brought together 
and evidenre Adduced in the one series could be applied in the other. 

■ Windaus and Rewu, Ber , 46,1240 (19U) 

* Windam, 4 reli Pham , 246,117 (W08) 

* Windam and KniMrahon, Ber , 52,1015 (ini')) 

n Wieland and R Jacobi, ibid , 59,2004 (1036). 
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The Hydroxycholanic Acids. In the difficult task of characteriaing 
the four carbocydic rings, the scrondary alcoholic groupB served as indis¬ 
pensable handles with which to manipulate the complicated structures. 
A ring containing Buch a group could be opened by oxidation at the vul¬ 
nerable point and its character investigated. In the case of the bile acids 
several natural substances were available for experimentation and as 
the work unfolded methods were discovered for converting cholic acid 
into naturally occurring mono- and di-hydroxycholanic acids and for prov¬ 
ing that the location of the hydroxyl groups in these acids is largely lim¬ 
ited to three positions. It also became possible to obtain for use in oxi¬ 
dative degradations certain other hydroxy acids or the corresponding keto 
acids, and a few examples will illustrate the methods of transformation. 

The hydroxyclmlanir acids ran be converted smoothly into the corre¬ 
sponding keto (“dehydro”) acids bv oxidation with chromic anhydride 
in glacial acetic arid solution at room temperature, and such differences 
as exist in the rate of nttnrk, depending upon the positions of the hydroxyl 
groups, arc not marked. The ease of reduction of the keto acidB by the 
Clcmmenscn method, however, varies greatly with the location of the 
carbonyl groups. Borsrhe M found that the 3-keto group of dehydro- 
cholic acid (I) can be reduced to a methylene group under conditions 
which leave ketonic groups at C 7 and C 12 unchanged: 



Deliytlrurholir Mid 7,12-JJiketochnlanir acid 


The greater reactivity of the group at C, may be attributed to the fact 
that this occupies a ^-position in the ring and that, unlike the C T and Cu 
groupB, it is not subject to the steric interference of adjacent rings or 
substituents. In a similar manner, but using unamalgamated sine, 


• RunrhF, Btr , 52,13118 (19 M), 
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Wieland and Schlichting ®* reduced the 3,12-diketo acid, dehydrodesoxy- 
cholic acid, to 12-ketocholanic acid, the oxygen atom at G, again being 
eliminated. The same selectivity is apparent in the addition of hydrogen 
to the carbonyl group, for Bomhe DT was able to convert the 3,7,12-triketo 
acid by treatment with sodium amalgam into 3-hyriroxy-7,12-dikcto- 
cholanic acid, which yielded lithocholic acid on reduction by the Wolff- 
Kishner method, that is, by the action of sodium ethylate on the disemi- 
carbazone. The same result was later accomplished by a series of trans¬ 
formations starting with the conversion of dchydrorholir acid into the 
3,3-dichloro-7,12-diketo acid by the arlion of phosphorus pcntachloride.*" 
A distinction between the reactivity at the 7- and 12-positions is 
afforded by the observation of Kawai M that there is a marked break in 
the hydrogenation of the 3,7,12-triketo acid (III) after the absorption of 
two moles of hydrogen and that the 3,7-dihydroxy-12-keto arid (IV) is 
the chief reaction product. Since there is both a ring and a methyl group 



DclijiJiiii'holir iii'iil 


adjacent to the carbonyl group at C,,, the decreased reactivity as com¬ 
pared with the group at C 7 is eosilv understandable from sterie consider¬ 
ations. Kawai made a useful application of this differentiation. The 
semicarbazone of the keto acid IV was converted by treatment with 
Bodium ethylate into 3,7-diliydroxycholanic acid, which wns found to be 
identical with chcnodcsoxvcliolir acid. 

That the order of reactivity C j >C 7 >C, 3 holds in reactions other than 
reduction is clcurly shown in an interesting series of transformations 
accomplished by Wieland and Kapitel. 1 Cholic acid was converted by 
partial acetylation into the 3,7-diacetate, V, which gave the ketone VI on 
oxidation. By partial hydrolysis, the acetyl group at the more reartivc 
C a -position could be split off, giving 3-hydroxy-7-acetoxy-12-ketocholanic 
acid, VII. By oxidizing this to the 3,12-diketone and reducing the car¬ 
bonyl groups by the Wolff-Kishner method, VII was transformed into 
7-hydroxycholanic acid, VIII. 12-Ketocholanic acid, X, was obtained 

" Wiriand and Srhlirhtinjt, Z physiol Chsm , 150, 2b7 (1025) 

* Ronchr and Hallwan, Ber, 55, 331* (1922) 

H BurBcbe anil Mtimnon, Z physiol Chun , 108,105 (1031) 

■'Kawai, ibid , 214,71 (1 m) 

1 Wjflnp(i »pd Kipitdl, ibid., 212, 2(»4 (1042) 
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from VII through the 12-kctocholadienic acid, IX, which was prepared 
by pyrolyt-is and which yielded the saturated koto acid on hydrogenation. 
It is evident that by a suitable selection of methods it is possible to 
transform the cheap cholic acid into any of the mono- or di-hydroxy 
acids 2 substituted in positions C , C 7 , and C lfa The methods all depend 
upon the gradation in the reactivity at these positions, for this is apparent 
m reactions of acetylation, hydrolysis, oxidation, reduction, and hydro¬ 
genation. The only exception reported is that 3,7-diketocholanic acid 
(dchydrochcno acid) yields 3-hydroxyeliolanic acid (litho acid) when the 
monosemirai bnzone is heated with sodium ethylate, 3 but the reaction 
is somewhat anomalous in other respects since the free eurbonyl becomes 
reduced to an alcoholic group. 

The Characterization of Ring A. Having available for experimenta¬ 
tion so many different but interrelated hydroxyl derivatives of cholanic 
acid, the investigators in the field were able to open the complicated ring 
structure by oxidation at various different points and so effect degradations 
which furnished much information as to both the ring system and the 
location of the alcoholic groups. The work in this direction has been so 
very profuse that it is only possible in a limited amount of space to give 
an indication of the nature of the experimental methods and to summarize 
the more important conclusions. 


1 TdlluMholio acid m prepared more conveniently fimn deanTytliolio arid, 
luc (nrrpiird bv partial aretvUtion) and 3-n/*etoxy-12-kot 04 hnlamr and 
Z physiol Chtm , 211 , 260 < 103 ?) 1 

■ Widnnd and R Jacobi, Z phynol Chem , 148, 242 (1025) 
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The hydroxycholanic acids or reduoed sterols can be converted by 
mild oxidation into the corresponding keto compounds and on further 
oxidation, usually with either concentrated nitric acid or potassium per¬ 
manganate, the ring containing the carbonyl group iB opened with the 
production of two new carboxyl groups. In the bile acid series the tri¬ 
carboxylic acid obtained by the opening of a single ring is called a bilianic 
acid and a prefix (dcsnxy-, litho-, cheno-, etc.) is used to indicate the 
scries in question. In the oxidation of the diketo acid (I) from desoxy- 
cholio acid the reactive group at C, forms the first point of attack and 
the ring is cleaved both between C, and C 4 (chief product, normal Beries) 
and between C„ and C, (iso-series), giving rise to two acids (II and III). 4 



IVhydTud('M)\>i | ]inlir DiNoxyhiliimir l Mjfiesoxy bilianic 

arid acid arid 


The formation of tribasic acids os the main products reveals the presence 
of a methylene group adjacent to the carbonyl group in the ring attacked 
(-CIl,iCO-), and the isolation of an isomer, coupled with the independent 
demonstration that it does not arise from the opening of ring C and that 
it is not a stercoisomcride, indicates that the reactive group is flanked on 
each Bide by methylene groups (-CTTrj-OOj CII,-. This identifies the 
ring in question (A) as being at the end of the molecule, for a ring situ¬ 
ated in the manner of either B or C could open in only one way. The 
evidence also serves to locate the rarbonvl group at a 0-position in ring A, 
namely at C 2 or C 4 . 

The use of ring A was inferred from a further transformation of the 
deBOxybilianic acids, namely the cyclization by distillation. From regu¬ 
larities observed among simple dibasic acids, Blanc K had formulated a 
rule which Windaus 6 first applied to this typo of oxidation product in 
1919 and which has since occupied a position of great prominence in the 
Btudy of structure. The Blanc rule states that if the two carboxyls 
occupy the 1,3-, 1,4- or 1,5-positions in the chain the acid on treatment 
with acetic anhydride (or on distillation) is converted into an anhydride, 
while 1,6- and higher acids yield cyclic ketoneB. The most pertinent 
applirntions to the present problem are in the cases of the acids resulting 

* Wifbind miiA KulpnVumpff, Z physiol Chem , 108, 2*15 (1020) 

■ Uluir, Comj* nnd., 144,1350 ( 1007 ). 

1 Windaun and Dalniar, Brr,, 52, 102 (10IP). 
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from the opening of five- and six-membered rings. Both desoxybilionic 
acid and its isomer on distillation lose carbon dioxide and water and form 
ketones, indicating that ring A of the original bile acid is a six-membered 
ring. 

In the sterol series the same conclusion was reached * regarding the 
ring (A) containing the lone alcoholic group, and the evidence was carried 
a step further. The acid resulting from the oxidation of dihydrocho- 
lcstcrol yields a ketone on pyrolysis, while tlip acid from the pyroketone 
gives an anhydride. According to the Blanc rule both observations 
clearly indicate an original six-ring. 
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That ring A of dihydrochole&torol is opened largely between positions 
2 and 3 was established by later evidence (Windaus,* 1833). The oxi¬ 
dation follows a course different from that observed in the case of the bile 
acids, where cleavage occurs chiefly at C,-C 4 . The difference appears to 
be connected with the fact that rings A and B of the bile acids have the 
cis configuration while cholesterol belongs to the trans (alio) series. 
Coprosterol (A/B*cis) is attacked chiefly at the 3,4-position. 

The Evidence Regarding Ring B. The rule of Blanc was not at first 
employed in a similarly direct manner to the investigation of the size of 
ring B of the bile acids because various other observations furnishing 
information on this point became available before methods suitable for 
the selective opening of ring B had been developed. One piece of evi¬ 
dence emerged from a study of the further degradation of desoxycholic 
acid, a complete account of which is given in the accompanying formulas. 
When desoxybilianie acid (ID is oxidized ring C is cleaved adjacent to 
the keto group at C 12 and on pyrolysis of the reaction product, choloidanic 
acid (III), cydization with loss of carbon dioxide takes place in the part 
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of the molecule corresponding to the original ring A, giving IV (in the 
form of the anhydride). The new kctonic ring is cleaved on oxidation 
of the pyroacid and, since the bond Revered makes connection to a 
tertiary carbon atom rather than to a methylene group, the acid V has 
only one new carboxyl group and is a keto acid. Prosolannelic acid (V) 
forms the starting point for the opening of ring B, which originally carried 
no hydroxyl groups, and the Blanc reaction can be applied to the oxidation 
product VI which, since only one of the original rings (D) is still intact, 
is called solannelic acid (L. solus an ulus). Since carbon dioxide is lost 
in the formation of the ketonic pyroacid VII, it was concluded that B is a 
six-membered ring. 

A careful analysis of the series of degradations furnishes still further 
information. The evidence given above located the hydroxyl group of 
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ring A at either C, or C, and in the formulas it has been placed at C,. 
The alternate location would require a modification in the structures in 
such a way that prusolannelio acid (V) would acquire the formula IX. 
This structure is inadmissable, however, because prosolannelic acid does 



not have the properties of a /t-keto acid as demanded by the formula. 7 
This observation rules out other structures for the original dcsoxyeholic 
acid. If one hydroxyl were at C, or at C, and if the Rccond were located 
in ring B, prosolannelic acid would have the structure of X, which is a 
/9-kcto ncid, or the equally inadmissable structure, XI, of an a-keto acid. 
The location of the hydroxyls at C and C i4 (or at C 2 and C u ) is excluded 
on similar grounds, and the degradations indeed furnish good evidence 
that B is a six-meinbcred ring, that one hydroxyl is at C„ and that the 
second one is attarhed to ring C. Corroborative evidence is not lacking 
to establish the order in which the rings open. For example dcsoxybili- 
anic acid and isodesoxybilianic acid ran be reduced by the Wolff-Kishner 
method to the carbonyl-free acids, which are identical with lithobilianic 
acid and isolithobilianic acid, respectively." Sinre the conversion of 
lithoehohe arid into thesi isomeric acid 1 * cun only he thr result of the 
opening of the terminal ring, this proves that it is ring A which is cleaved 
in the formation of thr dc&uxvbilinmr acids. 

Another line of evidence regarding the nature of ring B was developed 
by Borsrhe." A number of investigators had studied the oxidation of 
dehydrorholic acid, Prcgl 10 for example obtaining bilianic acid (XII) 
and isobilianic arid in yields of 44 per cent and 2 per cent, respectively. 
Lassnr-Cohn 11 had obtained from bilianic arid with alkaline perman¬ 
ganate another oxidation product which he callrd rilinnic acid, and thiB 
substance had been investigated extensively by Wicland and Schlichting, 1 * 
who cleared up many points but failed to arrive at the true interpretation 
of the formation and degradation of rilianic ncid. According to Borsche 

T Wiclund and Sihulenhoig, Z phyuol Cbtm , 114,1(17 (1**21' 

■ liomrhrandHallwau, Brr ,55,MIS,3321 (1022),Dnrsilipand HpIii ,Natkr On IVim WWtinpfn, 138 
r lB20) 

' Ronrlip and Fhmk. Bn , 60,723 (10271 
Pregl, Mtmuhh , 24, 10 (1003) 

“ Laanar-Cohn, Bn , 32, fiKd (1SD0) 

11 Wirland and Sohlirhtmg, Z phyrol Chem , 120,227 (1022) 123, 213 (10221 
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the first step in the oxidation consists in the formation of the unstable 
triketo acid XIII, which undergoes the bensilic acid rearrangement in the 
alkaline solution and yields cilianic acid (XIV): 
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The presence of the various functional groups was established by orthodox 
methods and their arrangement was inferred largely from the behavior of 
the oxidation product, ciloidanic acid (XV), when warmed with concen¬ 
trated sulfuric acid. Carbon monoxide and water are eliminated from 

the a-hydroxy acid group (>C<qqqjj->>0 = 0 + 00 + 1120 ) 

and the resulting /0-keto acid then easily becomes decarboxylated, giving 
XVI. The last oxidation product (XVII) was found identical with bilo- 
idanic acid, obtained as described above from desoxycholic acid. If B is 
a six-ring, as pictured in the formulas, the transformation of this into a 
five-membered ring by way of a bcnzilic acid rearrangement is readily 
understandable, but it would not be admissable to assume that the new 
ring formed in this facile manner contains only four carbon atoms and 
hence that it comes from an original five-membered ring. The degrada¬ 
tions lend further support to the structure attributed to the second ring 
of cilianic acid, and tiie observations taken as a whole provide reliable 
evidence that ring B in the bile acids is a cyclohexane ring. 
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Tha Failure of the Blue Rule. The evidence available from the early 
work concerning ring C was limited to a single observation by Wielud u 
in 1920 regarding choloidanic acid, and this unfortunately led to a con¬ 
clusion which was later found to be erroneous. Choloidanic acid, the 
oxidation product of desoxycholic acid in which both rings A and C have 
been opened, yields on pyrolysis an acid containing two new rings, a 
ketome ring coming from the residue of A and an anhydride ring formed 
from the carboxyl groups originating from the cleavage of C. In accord¬ 
ance with the Blanc rule, Wieland took this to mean that rings A and C 
contain six and five carbon atoms, respectively. Although the assump¬ 
tion was plausible enough at the time, it is now known that C is a six* 
membered ring. As will be shown later the Blanc rule does not hold for 



Choloidanic arid Pyroohnloidivmr arid anhydride 


rmg C, possibly because of a peculiar configuration of the complicated 
molecule, possibly because both of the carboxyl groups are attached to 
rings. Because of the apparent success in the application of the method 
of diagnosis in other cases, the validity of the Blanc rule was not at first 
questioned and the erroneous conclusion remained uncontcstcd for a num¬ 
ber of years. The manner in which the mistake was discovered will be 
described after completing a survey of the early work. 

The Character of Ring D. The investigation of the fourth ring, D, 
presented special difficulties because no bile acid or sterol having au oxi- 
dizable group in this part of the molecule has been discovered. One plan 
of attack pursued for a time by Wieland was to destroy all of the other 
rings by oxidation in the search for a degradation product suitable for the 
characterization of the remaining ring. The closest approach to the reali¬ 
zation of this project was in the degradation of pyrodesuxybilianic acid, 
page 146.” The acid C] 3 H 2 oOo obtained as the end product might have 
served as a satisfactory starting material for the investigation of ring D if 
the procedure for obtaining it had been less laborious and if the yield had 
not been in the order of 5 g. from 1 kg. of desoxycholic acid. The difficul¬ 
ties were so great, however, that Wieland eventually turned to another line 
of approach and sought a means of opening the ring in question by the 

■ Widiuid, Z. phtiiol Chat, 108. SOS (IBSOJ 

“ WieUid and Bohlirbtlna, Mi, 1S4,278 (1924). 
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stepwise degradation oi the bile acid side chain A number of the known 
methods of degradation were found to be quite useless when applied to the 
complex bile acid molecule, but the objective was finally achieved by 
Wieland, Schlichting and Jacobi 11 in 192H b\ the successive oxidation of 
the carbinols obtained by the Orignard reaction fi ora the esters of cholamc 
acid and its lower hoinulogues, as follows: 


CH, 

( 1 ) llCHCAUClUCOit 
Cholamc acid csttr 


an 1 (H 

"H, Cll.M^ R ^ lirHiCIij ^ r ( C n £'P'- y HrilC'tJiO 

An 


OjH 
Non holamc and 


( 2 ) 


(?) 


-> Ehti'i 


CHi CHi 

r.n,M K n r> i r(c\H ( ), —-*-4- h6hc*i 

OH Uisnorch 

acu 

CH S CH, 

1 r jMjgnr^ ROtfC(CiHt)j-► K£ic(r,Hi) 2 rrfl ' » 


0,H 
UisnorchnLmic 
acid 


OH 


RCO,II 
Artiocholanic 
and 


This work incidentally confirmed the structure already assigned to the 
side chain, for the loss of a single carbon atom in steps (1) and (2) proves 
the presence of two methylene groups next to the acid group, and the 
branching methyl group is revealed by the elimination of two carbon 
atoms in (3). 

It was evident that the base of the chain had been reached in the 
formation of aetiocholanic acid (Gr. aitio fundamental) for on further 
oxidation this was converted into a dibasic acid, aetiobiliamc acid, which 

11 Wieland, Schlirlitin* and R. larohi, Z phyiwl. Chem , 161, 8(1 (1P20). 
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could only arise from the opening of the ring oarrying the acid group. 
The opening of ring D was in this way realised and although the overall 



yield of aetiobilianic acid was considerably less than 1 per cent it was 
possible to characterize the substance by means of the Blanc reaction. 
The acid lost no carbon dioxide on being distilled but formed an anhy¬ 
dride, from which it was correctly concluded that the ring in question 
contains five carbon atoms. The conclusion was at the time quite 
unexpected. 

The "Old” Formulas. Without mentioning a hoot of other observa¬ 
tions in the field of the bile acids and the stcrolB alike it may be said that 
by 1928 the work had reached a point where the structural problem 
appeared to lie settled in all of the mo=.t essential points, and the award 
of the Nobel Prize of that year to Wieland and to Windaus was a fitting 
tribute to the brilliant success in the arduous investigations in a most 
difficult field. The formulas suggested in 1928 hardly reflect the real 
progress which had been made, for they were unduly distorted by the 
errors which had crept into the train of evidence. One error arose from 
the failure of the Blanc rule when the carboxyl groups concerned are 
lorated between two ring systems Another was in inferring from cer¬ 
tain of the degradations 11 that the supposedly five-membered ring G 
which carries the second hydroxyl group of dcsoxycholic acid iB attached 
to ring A and shares two carbon atoms in common with this ring. It is 
unfortunate that this assumption remained for many years unchallenged, 
for it really could not be justified on the basis of the experimental evidence 
available. That ring B is dircrtly joined to ring A, as in the formulas 
now accepted, had been established quite definitely. The oxidation of 
prosolannclic acid to solannclic acid for cxamplp proves that the oxygen- 
free ring (B) of desoxycholic acid is attached to the ring (A) which is 
opened first in the oxidation of the bile acid. 

The combination of the correct and the mistaken evidence led to the 
construction of a curious formula 11 in which the three rings in question 
were pictured as being directly united. In the older literature the four 
rings were indicated by Roman numerals in the manner shown; the 


■ Wieland, 2 aitfw. Chin , 42,421 (1920). 
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(Wieland, 1928) (1928) 

identity of the rings in terms of the modern structure is indicated by the 
letters. The numbering of the positions is such that, while C, is identical 
in the old and the new formulas, the C T position is now called C 1It and 
vice versa. Desoxycholic acid, known in the early literature as "3,7"- 
dihydroxycholanic acid is now recognized as the 3,12-ACid. The tentative 
formula for cholesterol was based in large part upon that assigned to the 
bile acids, for the latter offered more points of attack by oxidative degra¬ 
dation. The old ring II which contains the double bond was supposed to 
be identical with the old ring II of the bile acids because both rings 
showed the same behavior in the pyro-rcaction. 18 Both rings were 
regarded as five-inembercd rings because anhydrides were produced, but 
in each case the results are contrary to the predictions of the Blanc rule 
and the rings in question are now known to bo different (B and C). In 
both the old and the new formulas for cholesterol the double bond iB 
placed in the /),y-position with respect to the hydroxyl group, but the 
latter has been shifted from C, to G, in the light of recent evidence. 

The placing of a methyl group at C n in the old formula was not with¬ 
out some experimental foundation, but this left two “homeless” carbon 
atoms for which no satisfactory account could be given. Wieland’s tenta¬ 
tive hypothesis that an ethyl group is located at C l0 (old formula) was 
later found to be inadmissible 1T and the insertion ” of the grouping 
-CH(CHj)- between G t and C,, or between C„ and C,., could not be sup¬ 
ported for long and it proved to lie impossible to place the “homeless” 
carbon atoms anywhere in the ring system. 

The Problem of Revision. With the realization of these difficulties in 
addmgthe finishing touches to a picture which in 1928 had appeared to be 
prartically complete, the wav was thrown open to a consideration of a 
modified formulation for the bile acid ring skeleton, and at this point the 
investigations may be said to have entered a third phase, that of revision. 
The first indication of the direction which this revision would have to 
♦aim came from an unexpected source. Bernal 1 * at the Mineralogical 

lT Wtaland and Poatprnak, Z physiol Chrm , 197 , 17 final) 

» Widanrt and Vorkr, rbrd, 191, H4 (1030) , Wiriand and Dane, ibid , 206, 243 (1432). 

i» Bernal, Nature, 129,277 (1082) 
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Museums, Cambridge, made an X-ray crystallographic examination of 
crgosterol and of various of its irradiation products in 1932 with the 
primary object of defining the position in the series of vitamin D, and 
he made the incidental observation that crgosterol molecules form double 
layers similar to those of long-chain alcohols and that the molecular 
dimensions do not fit at all well with the values calculated from the 
Wieland-Windaus sterol formula. This represents three rings as meeting 
at a single point (C„), and the molecule would necessarily be rather thick, 
but Bernal's evidence pointed to a long, thin molecule. Bernal's con¬ 
clusion that the results were difficult to reconcile with the accepted struc¬ 
ture had the support of a previous but less specific observation of Adam 
and Rosenheim, 20 who had investigated the surface films formed by cer¬ 
tain of the sterols. 

In speculating on the matter of the molecular dimensions and seeking 
sonic new formulation which would accord better with the X-ray measure¬ 
ments, Rosenheim and King 21 at the National Institute for Medical 
Research, London, took a clue from an important but little-considered 
observation reported by Diels in J 927.“ Diels had discovered that the 
sterols and bile acids can be dehydrogenated by the action of palladium 
charcoal at a high temperature (rn. 500°) or, better, by prolonged heating 
of the substances with selenium at a more moderate temperature (360°), 
and he had isolated from some of the resulting mixtures small amounts of 
three aromatic hydrocarbons Two of these had not bren identified in 
1932, but the third substance had been recognized as chrysene. The 
formation of this hydrocarbon from cholesterol represents the loss of no 
less than nine carbon atoms, and it seemed by no means unlikely that a 
deep-seated rearrangement in the ring system also occurs under the rather 
brutal conditions of the reaction. The Wieland-Windaus conception of 
the eholano skeleton appeared at the time to be so firmly established 
that Diels, Wicland. and most othrr investigators were inclined to the 
view that the chrysene arises as the result of a drastic rearrangement, 
rather than that thr reaction affords any reliable indiration of the nature 
of the original ring system. When the old formulation became subject 
to serious doubt as the result of the X-ray studies, it occurred to Rosqi- 
heim and King that chrysene may be a normal dearadation product, and 
on this basis they constructed an entirely novel cliolane formula, which 
may be illustrated for the case of dcsoxycholic acid (see page 150). 
Ring III was moved to the other side of ring II and the two “homeless” 
carbon atom.s were accommodated by enlarging rings IF and IV to six- 

11 Adum mil Riwiihmn, Pror Buy , (1 riiidnn\ A126, 2ft (l r, 20) 

ai RwrnVim and Kin*, Chemistry and Industry, SI, 4B1 (1032) 

■ Dirls and Gadko, Ber , 60, 110 (1H27), DipK Uiidke and hording, Anu , 450, l (1027). 



8TSR0L8 AND BILB AOIDB 


MU 




■numbered rings. The agreement with the X-ray data was now quite 
satisfactory, as shown by comparisons given by Bernal :** 


found 7.2 X 5 X 17-20 A 

ErKoitpro] o 

dimensions Wioland-Wind&iun forrnulu ■ 8 5 X 7 X 18 A 

o 

Bnsrnhpun nml King formula 75 X 45 X 20 A 

In an investigation completed two months after the appearance of 
Rosenheim and King’s paper, an observation was made by Wicland and 
Dane 34 which revealed for the first time the uncertainty in the deter¬ 
mination of the size of a ring by the Blanc method. It already wns 
known 2S that lithohilianir acid, in which ring A has been opened, yields 
a ketone on pyrolysis and that an isomeric acid, formed by oxidizing 
12-hydroxycholanic acid and thus cleaving ring C, gives an anhydride, 
in conformity with the then accepted view that rings A and C contain six 
and five atoms, respectively. On investigating the third isomer, called 
thilobilianic acid (transposition of "litlio”) to indicate the relationship 


cji«ro,H 

Anhydride 

ThiJobihumc acid 

to the litho compounds, Wieland and Dane were surprised to find that the 
pyrolysis product is an anhydride. According to the Blanc rule this would 
imply that ring B is a fivc-memberod ring, but convincing evidence waB 
already on record characterizing this as a six-ring, in particular that fur¬ 
nished by Borsche’s work on cilianic acid. Indeed the evidence regarding 
ring B from the behavior of thilobilianic acid is directly contradictory to 
that furnished by the pyrolysis of solannelic acid, for an anhydride is 

* Denial, Chemistry and Jndudry, 31,463 (1032) 

* Wieland slid Dane, Z phytiol. Chr* , 210,2fH (1P32J 

» Wieland and Weyland, tM , 110, 123 (1020). 
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formed in the one caee and a ketonic ring is produced in the other. It is 
evident that the Blanc rule is not always a reliable guide, and from the 
information now available it appears that although the rule is probably 
valid for most open-chain acids and for diacids derived from cyclobexyl 
acetic and propionic acids, it is not applicable to compounds such as 
thilobilianic acid (or ollothilobilianic acid) in which the carbon chain 
linking the two carboxyl groups also connects two ring Bystems. It appears 
that acids of this type can yield either anhydrides or ketones according 
to special, and as yet unrecognized, features of their structures. In con¬ 
trast to thilobilianic acid and “isolithobilianic" arid, which easily form 
anhydrides, Vocke 10 found that two Btereoisomeric perhydrodiphenic 
acids show little tendency to form anhydrides on pyrolysis but are very 
slowly converted into ketones. 

That the Blanc rule failed to give accurate information regarding 
ring B destroyed all of the previous evidence that C is a five-membered 
ring, for this was derived from the behavior of acidB of the same type 
as thilobilianic acid. The observation, on the other hand, did not of 
necessity invalidate the previous characterization of rings A and D. The 
situation having been clarified by discarding the previous misconcep¬ 
tions. it became possible to take full advantage of the new formula oppor¬ 
tunely suggested by the English investigators. Although the chrysene 
structure of Rosenheim and King represented a most important advance 
it was in some respects contradicted by reliable evidenre and required 
modification. It failed to show the connection known to exist between 
rings I (A) and III (B), but this was easily remedied by transposing these 
two rings (shown for deBOxycholir acid). Wieland and Dane also pre- 



HO 

Wieland and Dane (September, 19H2)“ 

Rosenheim nnd King (August, Novemlier, 1U32)" 

ferred to retain the cyclopcntane structure for ring TV and to include a 
tertiarily bound methyl group between I and III. The formation of 
chrysene in the dehydrogenation might be explained ns resulting from 
the pyrolytic rupture of ring IV and the closing of a new six-ring by the 
inclusion of the angular methyl group at C„. 

" VoDke. Am., 508,1 (1914) 

9 Rnnhrim ud Kins, Nature, 130, lit (1032); Ckcrmetry and fiuiMfry. 51,954 (19U). 



163 


8TER0L8 AND BILE ACIDB 


The development of the modified formula was followed by a period 
of active inquiry from a number of different quarters into the validity 
of the new assumptions. Perhaps the greatest interest was concentrated 
on the identification of the aromatic hydrocarbons obtainable from vari¬ 
ous sterols and bile acids, for the discovery by Diels of a method of 
effecting the dehydrogenation opened a wide field for experimentation. 
Before disrussing this interesting problem, a word may be said regarding 
the complementary data obtained by the oxidative route. 

The Positions of the Methyl Groups. Assuming the ring Bystem to 
be that of pcrhydrocyclopentcnophenanthrenc, only a limited number of 
positions arc available as possible locations for the two methyl groups. 
The various oxidations exclude the positions adjacent to those occupied 
by the three hydroxy] groups of cholic acid and also positions 15 and 16. 
TIiib leaves available only C t and the carbon atoms shared in common 
by two rings. Position 1 was eliminated quite definitely by the work of 
Tschesehe 28 at the Gottingen laboratory, making use of a keto acid 
wliirh Windaiis 20 had prepared from cholestenonc. According to the 
accepted views cholesterol is a /J,y-unsaturntrd alcohol and cholestenone 
(I), the product obtained from it by dehydrogenation over hot copper 
or ropper oxide, is an a,j0-unsaturatcd ketone. The latter structure was 
established by Mcnschick, Page and Bossert 30 from a study of the absorp¬ 
tion spectrum, and it appears that the double bond moves into a position 
of conjugation in the course of the dehydrogenation. The conversion of 
the unsaturated ketone into Windaus’ keto acid (II) by oxidation with 
either sodium hypobromite or ozone was interpreted by Miss E. Dane 
as follows: 


9H,i 


ni. 


" (I j 

Chuk 'tcnuiii 


liCM 


I 

HI 


Cjii, 


y 


HIM' 


n ^ (ID 

CjJI nOj 


Tscliesche reduced the keto arid by the Clemmensen method and subjected 
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the product (III) to the stepwise Grignard degradation. The ester of 
III gave with the phenyl Grignard reagent an unsaturated hydrocarbon, 
nnd this on oxidation with ozone yielded the nor-derivative of III. This 
established the presence of a methylene group at the original C a -position, 
and a repetition of the degradation indicated a similar group at C, and 
gave the bisnor-acid IV. The methyl group obviously cannot be at C, 
and good evidence for the location at C l0 was found in the observation 
that the acid IV, like other tertiary carboxylic acids and unlike sub¬ 
stances such as III, is cstcrified with considerable difficulty and Iobcb car¬ 
bon monoxide readily when warmed witli concentrated sulfuric acid. 

The location of a methyl group at the 10-position is in good accord 
with an earlier observation of Wicland and Vocke ,® 1 who isolated a-meth- 
ylglutaric-a-carboxylic acid (VI) as one of the oxidation products of 
the keto arid V (O 2 JI 34 O 0 ) from pyrodrsoxybilianic acid. 



That the second methyl group is not situated at either of the bridge 
heads C, or C D is most rlearlv shown by Wicland’s degradation of 12-ke- 
toeholanic acid (VII ). 82 Brominntion at and hydrolysis gave the 
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U Wiplarul ami Voikr, Z phynol Chrm , 177* 68 (1928) 

■ Widand and Poatcrnak, ibid , 197,17 (1131), Wtoland and Dane, r bid , 216, *1] (1988). 
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ll-hydroxy-12-keto acid, and on oxidation this yielded the keto dicar- 
boxylic acid, VIII. On bromination at C„ followed again by hydrolyeiB 
and oxidation, ring B was opened at a hitherto inaccessible point with the 
formation of the acid IX, in which the original rings A and D are con¬ 
nected by remnants of the other rings originally present. This affords a 
dear demonstration of the relationship between rings B and C as well 
as showing that the second methyl group must be associated with D, the 
only ring remaining for discussion. 

Further oxidation of the ketotricarboxylic acid (IX) gave the tri¬ 
carboxylic acid (X) whirh already had been obtained by the degradation 
of pyrodesoxybilianic arid. The observation 81 that one of the three car¬ 
boxyl groups of this acid can be csteriiicd with diazomethane but 
not by the Fischer method is evidence that it is attached to a quaternary 
carbon atom, and thiB locates the methyl group at cither C,, or C, 4 . A 
more specific if more involved argument presented hv Wieland and Dane Ji 
from the stercoehemical properties of the aeid and its precursors places 
the methyl group at C, „ but a clearer decision between these two pos¬ 
sibilities was achieved by applying the method of dehydrogenation, and 
this is true also of the problem of locating the position of attarhmcul of 
the bile acid side chain. These points will be discussed below. In the 
work cited Wieland and Dane made the important observation that the 
acid X forms an anhydride only as the result of a rearrangement (to the 
cis acid), and consequently that it is a trans compound This affords evi¬ 
dence of a trans linkage between the original rings C and D. 

The Structure of Cholesterol. The relationship bcLwcen the different 
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ring! of the bile acids and the sterols was established definitely by the 
stepwise degradation of lithocholio acid (I) by the usual route: oxidation, 
pyrolysis to a ketone, ring cleavage. 14 The end product, III, was found 
to be identical with a tetracarboxylic acid which Windaus M had obtained 
previously from cholesterol by the cleavage of the oxygen-containing 
ring (A) with hypobromite, followed by the opening of the ring (B) con¬ 
taining the cthylenic linkage. The identity of the products correlates 
these rings with rings A and B of the bile noids. 

It had long been suspected on biogcnetic grounds that the hydroxyl 
group of cholesterol is located at C, rather than at G„ as supposed earlier 
by Windaus, but it was not an easy matter to establish the point by corre¬ 
lating the sterols with the bile acids in this respect for the substances 
belong to two different stereochemical series. Windaus’ important work 
on hyodesoxycholic acid 11 from hog bile established the nature of the 
stereoisomerism and provided a means of passing from one series to the 
other. Without discussing the details of the proof, it may be said that 
hyodesoxycholic acid (TV) was shown to be a 3,6-dihydroxycholanic acid 
of the normal scries. The diketo acid (V) obtained on careful oxidation 



Hyodcboxyrlmlip iicid 
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also belongs to the normal Bcries, but the substance readily rearranges on 
treatment with acids or bases to a more stable stereoisomeride of the allo- 
serics. The change clearly is due to an inversion at the asymmetric center 
(C,) adjacent to the C,-carbonyl group, for keto acids lacking this spe¬ 
cial feature of structure show no tendency to isomerize. By a careful 
selection of reactions and conditions, Windaus was able to convert hyo¬ 
desoxycholic acid into derivatives of both tho normal and the allo-serieB, 
and from the behavior of these substances he was able to show that the 
rholanic acid compounds have the configuration in ringB A and B of cis 
decalin while the allo-compounds are of the trans type, as might be 
expected from the greater stability of dehydrohyodesoxyallooholie acid, 
as compnrcd with its isomer. The proof is as follows. Since litliobilianic 

MWidand, Dane and Srholf, Z phytibl. Chem.Ml, 261 (1962). A further demonstration of the 
point at Imup wot made by Ptango, ibid., 220,84 (1088). 

“ Windam, Her., 42, 8770 (1909). 

■ Win dans. Ann , 447,238 (1926). 
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acid (VI) and allolithobilianic acid (VIII) both yield the same keto acid 
(VII) on pyrolysis, one or the other of these acids must Buffer a rearrange¬ 
ment in the process through an inversion at the position (C„) adjacent 
to the carboxyl group. The pyrnarid VII must have the more easily 
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« (IX) 
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formed cis configuration, and the dcsoxyarid (XI) obtained on reduction 
may be regarded as a cis compound. Isolithobilianic arid (IX) anil its 
aZZo-stercoisomeride (Stndcn's arid) arc not of the type susceptible to 
partial rarrmization (no n-C*) and they yield stereoisoincric pyroacids 
in which the original configurations are retained. The pyroacid from 
isolithobilianic arid (IX) was found to give the cis desnxyacid (XI) on 
redurtion, and, since the lithohdiamc ncids are of the normal cholanir 
acid scries, cholanic acid is a cis compound. AZZocholanic arid and dihy- 
drocholcsterol arc of the trans dccalin type. 

Following these discoveries, Wicland and Dane 3T were able to corre¬ 
late a 3-hydroxycholanic acid with rholcsterol as follows. Ilyodesoxy- 
rholic acid was converted by partial oxidation into 3-hydroxy-6-kcto- 
rholanic arid (XII). On reduction by the Wulff-Kishner method this suf¬ 
fered partial nllomcrization, and 3-hydroxyoZZocholanic arid (XIII) was 
isolated from the reaction mixture. The substance is isomeric with litho- 



(A/l): m) 3-HydmxyaffpchoIanic acid (A/D: trann) 


17 Wiolond and Danp, Z vhynol Chrtn 212, 41 (1432) 
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cholic acid, and it was found to be identical with a substance which had 
been obtained previously by Windaus ” from cholesterol by protecting 
the hydroxyl group, saturating the double bond, and shortening the side 
chain by oxidation, as follows: cholesterol—* cholesteryl chloride —* 
cholestyl chloride—» 3-chloroalfocholanic acid —> 3-hydroxyaUocho- 
lanic acid. The identity of the products proved that the hydroxyl group 
of cholesterol occupies the characteristic 3-position. 

To complete the evidence it iB necessary to show that the double bond 
of cholesterol is in the /f,y-position with respect to the hydroxyl group 
rather than in the deposition, as in the case of cholcstcnnnc. Conclusive 
evidence on this point is found in the following series of transformations, 
starting with cholesteryl acetate (XIV). This can be converted into a 
triol (XVI) either by direct oxidation®' or through the oxide (XV), 
which is obtained with the use of pcrhenzoic acid: 40 
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On oxidation of the triol (XVI) only two of the alcoholic groups arc 
attacked, indicating that the remaining group is in a tertiary location, 
as at C.. This hydroxyl is easily eliminated from the dione-ol (XVII) 
and the unsaturated linkage of XVT1I can be reduced chemically, giving 
the saturated diketoue (XIX). The relative positions of the carbonyl 
groups in cholcstanedionc are fixed by the fact that the substance con¬ 
denses with hydrazine to form a pyridazine derivative, 41 a property char¬ 
acteristic of 1,3- and 1,4-diketones. From stereochemical considerations 
it is probable that the cyclic product is constituted as in XXa or XXb, 4 * 
but the structure is not material to the argument. The significant point 
is that the carbonyl compound is shown not to be an a-diketone, as would 
lie expected if the double bond of cholesterol were located at 0,-G,. Since 

* Windaiw and Hovfpld, Z phynol Chm , 145, 177 (1025) 

M Windaus and Kirchnrr, Bn, 53, 614 (1020) 

«" Wifttplnden, Brr , 48,10M (101C) 

« Windaus, iftuJ , 39,2240 (1906). 

u Fomboli, Ann., 508,215 (1Q34); Windaun, Inhnfff n and v. HoiehrJ, ibul , 510,251 (1034) 
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a 0-diketonic structure is out of the question, the end product is definitely 
identified as n y-diketone and the original double bond muBt extend into 
ring B, as at C,-C„. 

Dehydrogenation. Although the method of dehydrogenation with 
selenium discovered by Diels has become a most valuable tool for the 
investigation of various natural produrts, it was not at first a simple mat¬ 
ter to evaluate properly the evidence from this source regarding the struc¬ 
tures of the sterols and bile acids Diels 48 had reported the formation 
of chrysene in the dehydrogenation of cholic arid with selenium at 360°, 
and the observation had been of influence in the revision of the early for¬ 
mulas Ruzicka 44 repeated Diels’ experiments and was at first unable 
to detect any chrysene in the mixtures of aromatic hydrocarbons obtained 
by what appeared to be essentially the same method, but after Diels 41 
had advanced further evidence in support of his identification of the 
hydrocarbon in question, and niter other workers 4B had reported the for¬ 
mation of ehrvsrne, Ruzicka 47 finally traced the difference between his 
earlier results and those of Diels to a difference in temperature. On dehy¬ 
drogenating cholic acid or cholntricnic acid at 420° he obtained both 
chrysene and picene, and at a lower temperature (360°), according to hi' 
observations, the presence of chrysene is largely obsrured by the forma¬ 
tion of another hydrocarbon (C,,H 19 , mp. 275°) which is not stable at 
the higher temperature. 

According to the accepted structures, the formation of chrvsene results 
from a severing of the bond holding the acid side chain, the rupture of 
ring D, and the incorporation of the methyl group at C,, into a new, six- 


J 


n Dull, Gadkt* and Kdidini; Ann , 459 , 1 (1927) Dido and Karstem, tbtd , 47B, 129 (1030) 

M Itunrkn and Thoinann, Hrh Chin Acta, 16, 216 (1935;, Rufirka, Goldberg and llioinann, t bid , 
16, S12 (11)31) 

« Du In, Bit , 66,487,1122 (1933) 

« Raudniti, Fetru and Stadler, yb\d , 66, 879 (1933), Cook and Jlowett, / Chm Roc, 1008 (1083) 

• Iluiieka, Thomann, Brandonbcrger, Furter and Goldberg, Mi Ch\m Acta, 17,200 (1934) 
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membered ring (I—*11). The formation of picene (III) is perhaps the 
result of a similar enlargement of ring 1), the closing of a new five-mem¬ 
ber ed ring from the interaction with the side rhain, and the rearrange¬ 
ment of the methylcyclopentene ring to a six-membered aromatic ring. 



It is clear that reactions involving Buch extensive rearrangements give 
only a rough indication of the character of the original ring system. 

From a study of the behavior of alkylated hydrindenes when heated 
with selenium or with palladium charcoal at a very high temperature 
(450°), Ruzicka and Peyer 4R concluded that the aromatization of an 
alkylated five-ring often occurs under these conditions but that a rational 
formulation is not always possible. These investigators made the inter¬ 
esting observation that indenci, when heated with selenium or palladium 
charcoal at 350°, are partly destroyed and partly converted into hydrin- 
denes. The hydrogenation of an unsaturated five-ring, particularly in 
the presence of selenium, is a remarkable process. A hydrogenating and 
isomerizing action of selenium has been observed by Dorce and Petrow 40 
who found that at 230 s cholesterol is converted in part into cholcstanone, 
and, in smaller amounts, into cholestanol and cholestcnone. That Bolenium 
exerts only a weak dehydrogenating notion is also indicated by the fact 
(hat cyclohexane rings containing obstructing, tertinrily bound groups, 
are not always capable of being aromatized." 0 

The Diels Hydrocarbon. Of much more importance to the structural 
problem was the isolation by Diels, Gadke and Hording 43 in 1927 of a 
dehydrogenation product melting at 124-125° and originally assigned 
the empirical formula C lfc H, a . This was obtained along with a second 
hydrocarbon (C n H M ) by the action of selenium on cholestervl chloride 
or cholesterol, and it has been the subject of much active investigation 
and of much debate. In the first study of the Diels hydrocarbon (C U H U ) 
the Bubstance was purified, Analyzed, and characterized with great care, 

• Riuirka and Peyer, Hib Chm. Acta , IB, 075 (1036) 

• Porte And Petrow, /. Chm. Soc , 1301 (1036) flee aleo Yokoyama and Kofcake, Bail. Chm. Baa. 
Japan, 10,13H (1036) 

m Clemo and Dickenson, /. Chm . Soc , 735 (1B35). Cook, Domi, Bewctt, Iball, Mayneord and Roe, 
Und , 1310 (1035). 
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and a particularly distinctive reaction was found in the conversion of 
the hydrocarbon into a nitroso compound (C^H^O,!?) with oxides of 
nitrogen. Diels and Karstens 48 obtained the same hydrocarbon (and the 
hydrocarbon C„H m ) in the dehydrogenation of ergosterol, and Ruzicka 
and his collaborators 44 reported ih isolation, together with three other 
hydrocarbons, from the mixtures resulting from the action of selenium 
on cholic acid, and pointed out the difficulty in distinguishing between 
the formulas C„II la and C 1T H U from the available analyses. In May 
1933, Rosenheim and King Rl reported the results of a study of the ultra¬ 
violet-absorption Bpectrum of the Diels hydrocarbon from which they 
were led to suggest tentatively the structure of 3'-methyl-] ,2-cyclopen- 
tenophenanthrene (or y-methylcyclopentenophenanthrcne): 


rii, 



Essentially the same idea had occurred to Ruzicka, and possibly to other 
investigators, at about the same time and there followed in rapid suc¬ 
cession a number of attempts to settle the matter by synthesis. This line 
of attack was particularly inviting because elaborate methods fur the 
synthesis of phenantlirenc derivatives had been made available by Ha¬ 
worth, Bardhan and Sengupta, and Bogert and co-workers in the course of 
the investigation of the degradation products of the resin acids. Ruzicka 
and his co-workers M soon reported the synthesis of 1,2-cyclopenteno- 
phenanthrenc, and of the 1'- and 2'-methyl derivatives, using the method 
of Bardhan and Sengupta, and Kon ni shortly afterwards described the 
preparation of the first of these hydrocarbons by the same method. 
j3-(l-Naphthyl) -ethyl bromide condensed fairly well (65% yield) with 
ethyl cyclopentanonc-2-rarboxylatc to give the /9-keto ester I, but the 
decarboxylation of this substance proceeded so poorly that the ketone III 
was best obtained by way of the dibasic arid TT. Kon did not isolate the 
unsaturated hydrocarbon V, but heated the carbinol IV with phosphorus 
pentoxide and obtained VI directly. Treatment with selenium gave the 
desired hydrocarbon VII, it being known already that the five-mcinbercd 
ring is not dehydrogenated by the action of selenium. Ruzicka used a 
shorter method, finding that the keto ester I was converted directly into 
the final hydrocarbon VII on being heated with strong sulfuric acid. 

n Rosenheim And King, Chrmwtiy and InduiUy, 52, 2W (1033) 

n Rudoka, Khrnann, Goldberg end Htak, Hrh C7 im AeUi, 16, 833 (103H) 

» Kon, / Chm 8or , 1081 (1033). 
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Cook and Hewett, M who had become interested in the problem because 
of the possibility that some of the dehydrogenation products from the 
sterols might have carrinogenic properties, synthesized cyclopenteno- 
phenanthrene by a method of the general type described by Perlman, 
Davidson and Bogert a few months earlier, the first step consisting in 



the condensation of p- (1-naphthyl) -ethyl magnesium chloride with cyclo- 
pentanone. The unsaturated hydrocarbon V is an intermediate in both 
syntheses, for it can be obtained by the controlled dehydration of both the 
carbinols IV and VIII. For the preparation of cyclopentenophenanthrene 
(VII), Cook and Hcwett found the isolation of intermediate hydrocar¬ 
bons unnecessary, for when the carbinol VIII is heated with a mixture 
of sulfuric and acetic acids it yields the aromatic hydrocarbon VII directly, 
dehydration and cyclization being followed by a dehydrogenation at the 
expense of the sulfuric acid. 

The cyclization of the unsaturated hydrocarbon V with aluminum 
chloride or stannic chloride waB studied more extensively by Cook and 

M CooV md ITewett, rjkwnitfry and Industry, 52, 45* , 603 (103.1), J f*hm Soe , 1008 (1033) 
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Heweit in a later investigation, 80 and they were able to establish the 
nature of two by-products which accompany the hydrocarbon VI. In 
addition to the normal intramolecular condensation between positions C, 
and C/, condensation also appears to take place between positions C x and 
C,', giving the spiran IX, and between C, and C/, with the formation of X. 



ture the five-mcinbered spiran rings undergo rearrangement and dramati¬ 
sation, and the final products arp chrysofluorcne and 2-mcthylpyronp. BB 
Possible mechanisms for the production of the new aromatic rings are 
suggested in the formulas. The transformations arc comparable with 
Clemo and Ormston’s 81 conversion of eyclohexanespirocyclopentane into 
naphthalene by treatment with Bclenium. 

The formation of spirans materially diminishes the yield of the desired 
product, but in later work Cook 58 found that the tendency to form Bpirans 
is greatly diminished if a methyl group is introduced on the second car¬ 
bon atom (C 2 ) of the ethylenic linkage. In the synthesis of chryBene, 
for example, whereas the unsaturated hydrocarbon XI yields chiefly 
spirans on ryrlization, the methyl derivative XII is converted in good 




a9? 


(XI) 


(XII) 


(XIII) 


■ Cook and Hewett, J. Chun. Soc ., 865 (1034). See alao A, Cohen, Cook and Hewett, i bid., 1088 
(1835) 

M Regarding the identification of thii hydrocarbon aee Barry, Cook, H al , Proe. Roy. 8oc. (London). 
B117, 831, footnote (1085). 

■ Clemn and Ormiton, J Chtm Soc , 852 (1038). 

* Cook and ro*worken, tbvi., 658,1727 (1984); 667 (1886). 
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yield into methyloctahydrochryBene (XIII), from which chrysene can be 
obtained by dehydrogenation with selenium (but not with platinum 
black). 

There waB at first some difference in opinion as to the relationship 
of the Diels hydrocarbon to the synthetic preparations. Of the three 
hydrocarbons synthesised by Ruzicka, 52 the 1'- and 2'-methyl derivatives 
were clearly quite different, but 1,2-cyclopcntenophenanthrene (m.p. 
135°) bore some resemblanre to the Diels hydrocarbon (m.p. 125°). The 
difference in melting point indicated that tbe two substances cither were 
not identical or that, contrary to the evidence from the constancy of the 
melting points, they were not equally pure. It was not easy to make a 
decision between these two possibilities because mixtures of the two sam¬ 
ples melted at intermediate temperatures, and this was true also of the 
molecular compounds with picric acid, trinitrobensene, and trinitrotolu¬ 
ene. Ruzicka was inclined to consider the substances identical, but he 
deferred judgment in the matter, and Kon, 58 whose observations agreed 
exactly with those of Ruzicka, took the same position. Cook and Hewett,* 4 
however, were definitely of the opinion that their cyclopentenophenan- 
threne (mp. 135°) was identical with I he Diels hydrocarbon from chol¬ 
esterol and that the latter Bubstance had never been obtained in a com¬ 
pletely pure condition. 

Bcrgmann and Hillemann 32 were the first to synthesize 3'-methyl- 
cyclopcntenophcnnnthrcne, but the results were not decisive. The sub¬ 
stance melted within one degree of the melting point of the Diels hydro¬ 
carbon, but mixtures showed depressions of 1-5°. The starting point for 
the synthesis was 2-acetylphenanthrenc (XIV). The unsaturated acid 



obtained on hydrolysis of the product of the Reformatsky reaction (XV) 
was reduced and converted through the acid chloride into the cyclic ketone, 

u bj. BargmuD and HiHemann, Btr„ 66, 1802 (1933). 
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from which the Anal produrt (XVII) was obtained by the Clemmenscn 
method. 

Another synthesis of 3'-methylcyelopentcnophenanthrenc was carried 
out in 1934 by Ilarper, Kon and F. C. J. Ruzicka, 80 using the Perlmun- 
Davidson-Bngert method. The rnrbinul (XVITI) from jB-(l-naphthyl)- 




cthyl magnesium bromide and 2-niclhylcyclupcntaunne proved to be of 
no value for the purpose at hand because the double bond introduced 
on dehydration appeared at the 1,2- rather than the 1,5-position, and the 
methyl group was eliminated in the final dehydrogenation. In order to 
overcome this difficulty 2,5-diinethylcyrlopeutanoue war employed as the 
starting material and the rarbinol XIX was subjected to cyrlodehydra- 
tion (with phosphorus pentoxide at 140°). The hydrocarbon XX was 
obtained in good yield in this way and on treatment of the substance with 
selenium the tertiarily bound methyl group was eliminated and 3'-mcthyl- 
cyclopcntenophcnanthrenc was isolated in a pure condition (m.p. 125-0°) 
from the resulting mixture by crystallizing the trinitrohenzrne derivative. 
The melting point wnB identical with that of a sample of thp Diels hydro- 
rarbon and there was no depression in the melting points of mixtures. 
It had become quite apparent by this time, however, that the method of 
mixed melting point determinations cannot be relied upon in this series 
of compounds. No depression was noted by the above investigators with 
mixtures of cyclopeutcnnphcnanthrcnc and its 3'-niethyl derivative, and 
a similar observation has been reported by Jacobs and Fleck 81 for mix¬ 
tures of the Diels hydrocarbon with a substance having the composition 
of a dimcthylphcnanthrene. Comparison by way of the absorption spec¬ 
tra is not valid with such closely related substances, for the differences 
between homologucs is too slight to be significant. Bernal made X-ray 
and crystallographic comparisons of the substances prepared by various 
investigators and expressed the opinion 82 that the Diels hydrocarbon is 
identical with the samples of 3'-mcthylcyclopcntcnophcnanthrene pre¬ 
pared by Bergmann and llillcmann and by Harper, Kon, and F. C. J. 


M Harper, Kon and F. f' .1 Huiii'k*, J. Chrm. Snc , 124 (M!Mj 
« Jacob* and Fleck, J . Biot Chem , 97. 67 (1932). 

<■ See Bornal and Ciuafoot, J. ('him ft or , 93 (1936) 
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Ruzicka, but not with the unmethylated hydrocarbon as claimed by Cook 
and Hewett. 

It became highly desirable to test these conclusions further and to 
apply chemiral methods to the question of identity, but the chemical char¬ 
acterization of the Diels hydrocarbon presented more difficulties than 
would have been anticipated. Various investigators have attempted with¬ 
out success to convert the hydrocarbon into a quinonc, and it has been 
suggested that the five-membered ring is attacked by oxidizing agents 
before the phenanthrene nucleus. In his original paper of 1927 Diels 
had recommended as a means of identification the conversion of the hydro¬ 
carbon into a characteristic nitroso compound, and he later noted 00 that 
a sample of cydopentenophcnanthrene supplied l>y Cook and Hewett 
remained unchanged when treated with oxides of nitrogen in the same 
manner. Synthetic samples of 3'-racthylcyrlupentcnophennntlueno do 
not appear to have been tested in this way until 1935, when Hillcmann M 
repeated his early synthesis with Bergmann. The highly purified mate¬ 
rial melted at 125-126° and showed the same melting point when mixed 
with the ‘'sterol-C,,H in .” Hillcmann succeeded in converting both the 
synthetic hydrocarbon and that obtained by dehydrogenation into the 
characteristic nitroso compound, m.p. 238-239° (corr.) of Diels, and this 
affords a convincing indication of the identity of the substances. Hille- 
mnnn also isolated mellophnnir acid as an oxidation product of his syn¬ 
thetic hvdrocnrbon, which proves that the cyclopcntene ring actually is 
attuchcd to the phenanthrene nucleus in the 1,2-position and that it con¬ 
tains the methyl group. 

The structure of Diels’ nitroso rompound is not yet known, and indeed 
the composition is still subject to some uncertainly. 04 The yield appears 
to be very poor, and so uncertain is the reaction by which it is formed 
that Diels and Rickcrt 60 reported their failure to obtain the nitroso rom¬ 
pound from a sample of synthetic hydrocarbon supplied by Kon. Diels 
and Rickcrt, however, discovered another characteristic derivative in a 
tribromo compound melting at 235°, and they found that samples pre¬ 
pared from the sterol C, g H ig and from the material synthesized by the 
procedure of Harper, Eon and F. C. J. Ruzicka are identical. This con¬ 
clusion has been further confirmed by Gamble, Eon and Saunders. 01 

On the basis of these comparisons the structure of the Diels hydro¬ 
carbon can be regarded as firmly established. Although the yield in the 
dehydrogenation is very poor and the conditions ore rather drastic, the 
formation of this aromatic hydrocarbon is of such regular occurrence that 

" Dufa and Klara. Bn-. 67,113 (1634) 

«lTilIrmann, ibid , 61,102 (10.13) 

■ M and Rirkrrl. itid. 66, 267. 323 (1033) 

M Gamble, Kira and Strandm, / Chem Sac ,011 (1030) 
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it cnn be accepted as affording reliable evidence of the aetiocholane struc¬ 
ture, particularly since it is known that although five-membered rings 
can be rearranged to six-membered rings under the conditions of the 
dehydrogenation they do not appear to be formed in such a process. The 
four rings of the cholanc system undoubtedly correspond with those of 
3'-methyIcyclopentenophenanthrene, and the appearance of the methyl 
group in the five-ring finds a ready interpretation in the wandering of 
the methyl radical at C ia to the position at C 1T vacated in the pyrolytic 
cleavage of the branched side chain: XXI-»XXII. Cohen, Cook 




Du*ls Ilyilrorarlum 


and Hewett 97 have pointed out that the methyl migration must be con- 
comitanb with the elimination of the side chain and they have suggested 
that the process is a special case of the Wagner-Mcerwein rearrangement 
The Second Diels Hydrocarbon. The nature of another aromatic 
hydrocarbon isolated by Diels, Cladke and Hording from the mixture 
obtained in the dehydrogenation of cholesterol is not yet clear. Accord¬ 
ing to Diels the substance melts at 220°, it has the formula C 2 ,H J4 , and 
it yields a ketone on oxidation, indicating the presence of a five-membered 
ring flanked by phenyl groups. Other investigators who have isolated 
the hydrocarbon are in essential agreement with regard to the properties 
and composition, although Cook and co-workers 08 have contended that 
the formulas C 2 bH 2 2 and C 2 eH 2 4 are not excluded. The revised melting 
point is 225-226°, corr. Following the suggestion of Rosenheim and King u 
that the substance may have arisen by the transformation I-»II, 




✓ CH, 
'OH 
^CH, 


A Cohen, Cook and HewetL, J Chun, floe., 445 (1935). Bee also, K Bergmann, Chmutry and 
Industry, 54,175 (1935) 
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Cook and co-workers M,M synthesized the hydrocarbon indicated (modi¬ 
fied Perlman-Davidson-Bogert synthesis) and compared it with the 
Diels product. The two substances were not identical, but the incidence 
in the absorption spectra was so great as to suggest a similar type of 
structure. 70 The English investigators have suggested that one of the 
tertiary methyls may wander into a ring in the course of the dehydro¬ 
genation and that the Diels compound may be a higher homologue 
(C„H„) of the synthetic compound II. 

Although Diels claimed repeatedly 71 that ergosterol yields the identi¬ 
cal hydrocarbon (m.p. 225°), this point has been contested by Ruzicka, 72 
who has presented evidence to the effect that cholesterol (C 1T ) yields 
CjjH 14 (225°), that ergosterol (C aa ) yields C M H„ (214°), and that a 
mixture of the C x ,-sterols, stigmasterol and sitosterol, gives the next 
higher homologue, Cj 7 H js (202°). The question probably is not one of 
great significance to sterol chemistry except in connection with the mecha¬ 
nism of dehydrogenation, but it would be a matter of great interest if any 
of these polynuclear hydrocarbons should be found to possess carcinogenic 
activity. 

The Position of the Side Chain. One of the most important dehydro¬ 
genation products obtained from the sterols or bile acids is methylcholan- 
threne, the substance described in the previous chapter as having marked 
ronccr-producing properties. This was not obtained by the direct dehy¬ 
drogenation of a natural product, but by the following degradation of 
desoxycholic acid. 12-Kctocliolanic acid, obtained by the partial reduc¬ 
tion of dehydrodcsnxycholic acid by the Clcmmcnsen method, was found 
by Wieland 71 to undergo intramolecular condensation with loss of carbon 
dioxide and water when heated for several hours at 330°. The carbonyl 
group at C„ condenses with the a-methylenc group of the side chain after 
the manner of the Perkin reaction and the unsaturated acid then becomes 
decarboxylated, giving the beautifully crystalline dchydronorcholene. 
That no molecular rearrangement occurs in the course of the pyrolytic 
reaction was proved by Cook and ITaslcwnod. 74 The keto acid resulting 
from the oxidation 70 of dehydronorcholene was reduced by the Wolff- 
Kishner method and the product was found to be identical with norcholanic 
acid, previously obtained by Wieland, Srhlichting and Jacobi 10 by the 


11 Cook, Hewott, Mavnrord and Hoe, J. Chm. Bor., 1727 (19341. ■ 

„ ” Thk ponnlusion fun been ronfirmed by further roraparivm uludlei of Cook, Dtnnl, Hcwett, Iball, 
Maynsord and Roe, ibid , 1210 (1925). 

n Diek and Kawtens, Ann , 472, 120 (1920); Diels, Bn , 66,1122 (1923); Diels and Klare, ibid., 67, 
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n Rurirka, Goldberg and Thnmann, Heir Chm. Ada, 16, 812 (1932); Ruzlrka, Thomann, Branden- 
berir, Furter nnd Goldber*. find., 17, 200 (1034); Riuioka and Goldbem. ibid., 18, 484 (1936). 

n Wu'lund, BoliUchtina and Wiedoahoim, Z. phyriol. Chm., 180, 278 (1D25); Wieland and Wloder- 
■hrim, Aid ,186,229 (1080). 
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Grignard degradation oi cholanic acid. Mcthylcholanthrcne is obtained 
from tlic unsalurated hydrocarbon by the action of selenium,” and the 
structure of the yellow, aromatic hydrocarbon has been established both 
by oxidative degradation (p. 86) and by synthesis, (p. 105). Since the 
only carbon atoms lost in the dehydrogenation are those at the two bridge 
heads, and since no rearrangements or migrations are involved, this series 
of reactions affords very reliable evidence of the cholanc ring system. 
Still more important is the proof that the bile acid side chain is attached 
to ring D at the exposition, for the onlv other information on this point 
is that the calculated molecular dimensions agree most rlusely with the 
X-ray measurements if the side chain is plnced at C tT . On stereochemical 
grounds the cychzation of 12-kctocholanie acid is consistent only with 
this point of attachment, and the above formulation is the only way of 
accounting fur the formation of a new ring rnpablc of becoming aromatic. 

One other inference as to structure may be made from the observa¬ 
tion of Bulennndt 70 that Wiolnnd’s aetiobilianic acid yields 1,2-dimcthyl- 
phenanthrene on dehydrogenation with selenium. In point of time Hub 
was the first dear proof that the rholane structure contains a hydrogenated 
phenantlirene nucleus. The renrtion is readily understandable when the 
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second tertiary methyl group is assumed to ho at C 14J but the alternate 
location at C u is not admissible. In analogy with the dehydrogenation 
of the reduction product of abietinal (page 65) and of synthetic hydro* 
aromatic acids, a substance of the alternate structure might yield 1-meth- 
ylphenantlirene or l-methyl-2-phcnanthroic acid, but not 1,2-dimethyl- 
phrnanthrenc. 

There is small Tonm for questioning the structures now accepted for 
the bile acids and for cholesterol, and the problem has reached the point 
where the difficult problem of synthesis at least offers the assurance of a 
fixed goal. 

Pll YTOSTEROI.fi 

Stigmasterol. Tlii- sterol v, as first i^nlat eil from the phytostcrol mix¬ 
ture obtained as an unsapomfiablc residue of extracts from the Calabar 
bean 77 (Physostigma vencuomm). The most satisfactory source of the 
material is the sterol mixture irotn soy bean oil and, although the amount 
present is very small, stiamahteiol can be separated easily in a pure con¬ 
dition in the form of its very sparingly sriluble acetatp-tetrabronude. Fol¬ 
lowing the determination of the empirical formula (Cj,H is O), 78 Guite- 
rnt 70 obtained ethylisopropylHCctaldehyih, (CII,).CHCII(C.H 5 )CHO, 
as a product of ozonization and thereby established the structure of a 
part of the side chain and the location of one of the double bonds. The 
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long suspected relationship to cholesterol was first proven by Fernhols N 
at the Gottingen laboratory m an investigation which completely estab¬ 
lished the carbon framework of the sterol and which later was to prove 
of particular usefulness in work on the hormones (Chapter V). Stigmas- 
terol differs from cholesterol only in the presence of an ethyl group at C M 
and a double bond in the side chain. This linkage is less reactive than the 
nuclear double bond, for Fernhols wns able to convert the acetyl com¬ 
pound (I) into the 5,6-dibromide (II) by using just one mole of bromine. 
Osono oxidation followed by dehalogenation with zinc gave an unBatu- 
rated acid (III), and, in order to make an identification with a known 
compound, the double bond wns saturated and the hydroxyl group of IV 
was eliminated by oxidation to a ketone and reduction by the Clemmen- 
sen method. The final product of the degradation, V, was identified aB 
bisnoraliocholanic acid, a compound which was unknown at the time but 
which Fernhols prepared for comparison from aliocholanic acid, complet¬ 
ing a degradation already coriicd part of the wuy by Chuang 81 

There were indications from the early work that the hydroxyl group 
of stigmasterol probably is located at C, and, following certain develop¬ 
ments in the work on hormones, Fernhols and Chakravorty 83 succeeded 
in proving this point in the following manner The sterol was hydrogen¬ 
ated and acetylntcd, and on oxidation of the saturated compound VI 
there waB obtained in part an acid (VII) having the ring system and the 
acetoxyl group intact but with six carbon atoms removed from the side 
chain. To obtain material for comparison, dihydrocholestcrol in the form 
of the acetyl derivative (VIII) wa« submitted to a similar oxidation The 
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« Chuang, M., 500,370 (1038). 
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acid oxidation product in this case contained one methylene group more 
in the side chain than VII and it was identical with the material obtained 
by Wieland from hyodesoxycholic acid (page 156). On shortening the 
acid chain of IX by degradation according to Wieland, Schlichting and 
Jacobi, an acid was obtained identical with that (VII) from stigmasterol. 
This observation proved not only that the hydroxyl group of stigmasterol 
occupies a position corresponding to that of cholesterol but also that the 
configuration of the carbon atom (C,) carrying the hydroxyl group is 
the same in each case. Compounds VI-IX all belong to the stereochemi¬ 
cal series of dihydrocholcstcrol both with regard to the configuration at 
0, (0-type) and the relationship between rings A and B (nZlo-series). 
The reduced sterols of the 0-type arc precipitated by digitonin. 

That the nuclear double bond of stigmasterol occupies the 5,6-posi- 
tion was established by applying methods developed at the Gottingen 
laboratory in the case of cholesterol (page 157). Femholz 83 converted 
stigmasterol through the oxidc-acetatc and triol into Btigmastancdione- 
3,6 and found that the diketnne forms a pyridazine derivative with hydra¬ 
zine. Following the reasoning outlined above, this fixes the point at issue 
and it iH clear that the structure of the phytostcrol is firmly grounded in 
all details. 

Ergosterol. Ergosterol was first isolated from ergot and it is now 
prepared in considerable quantity from yeast. The chemistry of the 
sterol has been explored with great interest on account of its relationship 
to vitamin D, but peculiar difficulties have been encountered in the work 
on the sterol and its many transformation produots and there are still 
some points of uncertainty with regard to the structures. 

Following the establishment of the composition C 2P H 44 0 for ergosterol 
by Windaus 81 in 1932, rapid progress was made in determining the char¬ 
acter of the carbon framework hy various workers at the Gottingen lab¬ 
oratory. Reindel and Kipphan, 88 and later Guiteras, 88 obtained evidence 
regarding the structure of the side chain and the location of the external 
double linkage by isolating methylisopropylaeetaldehyde as a product 
of ozonisation. Chuang 81 oxidized the saturated hydrocarbon ergostane 
and isolated an acid which wbs identified as noraUocholanic acid, thus 
correlating the ring system and the first four carbon atoms of the side 
chain with cholesterol. Femholz and Chakravorty, 82 by the isolation of 
an acid oxidation product of acetyl ergostanol identical with that obtained 
directly from stigmasterol and indirectly from cholesterol (page 170), 


• Frrnholi, Ann., SOB, SIS (1934). 

> Windaui and LDttiinghsui, Nachr. 0m. Win , OWtnfm. 4 (19821. 

■ Rffadd and Klpphao, Aon.. 408, 11)1 (1032). 

■ Ouitwaa, ibid., 494,118 (1933). 
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proved that the hydroxy] group occupies the 3-position and that the con¬ 
figuration is that of dihydrocholesterol (0-type, precipitated by digitonin). 

The most difficult part of the problem is in locating the two nuclear 
double linkages. A suggestion that they are both coni allied in the same 
nucleus was afforded by the observation that crgosterol on oxidation with 
nitric acid yields an aromatic acid 1 * 7 (compare the oxidation of abiotic 
acid, page 60). The reaction is abnormal, however, for the oxidation 
product is a methylbenzeno tctracaiboxylic acid, and a methyl group must 
migrate in the course of its formation. The point is more securely estab¬ 
lished by evidence to be presented below. 

That one of the nuclear double bonds is located at the “cholesterol” 
position (C^-C,) was established beyond dispute bv Wmdaus, Inhoffen 
and v. Reichd. 8 * Ergosternl oxide 11), which can be obtained (as the 
benzoate) by the addition of perbenzoic acid to one of the three double 
bonds of the sterol, yields on hydrolysis ergostadientriol, II (called the 
“triol-II” in order to distinguish it from an isomer to be described below) . SD 
One of the new hydroxyl groups is secondary while the olher is tertiary, 
for the triol forms a diacetyl derivative. There is one cthylcnic linkage 
in the ring system and one in the side chain, and on hydrogenation D0 (of 
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the di&cctyl derivative) the substance can be converted into the saturated 
triol III. According lo the observations of Windaus, Inhoffen and v. 
Reichel, the latter compound closely parallels in its reactions the corre¬ 
sponding triol of the cholesterol series, for which the structure of choles- 
tanetriol-3,5,6 had been firmly established by Windaus (page 157). Like 
this compound, III yielded in succession a dione-ol (IV), an ergostenedione 
(V), and an ergostadione (VT) which forms a pyridazine derivative with 
hydrazine. Ab in the case of cholesterol, this proves that pcrbcnzoic acid 
combines with an ethylenic linkage at the 5,6-position. Independent evi¬ 
dence in support of this poinl has been advanced by Hcilbron.® 1 

The loration of the second nurlear double bond is the only point in 
the structure of crgostcrol about which there has been any difference of 
opinion. According to the available evidence the only locations possible 
arc C 7 -C'„ and C 8 -(\, as indicated by the formulas for ergnsterol sup- 
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ported respectively by Windaus nnd by Hcilbron. The distinction is a 
subtle one and with n compound as labile and as sensitive to change os 
crgosterol the ninttcr is not easily decided. Such direct evidence as is 
available definitely favor® the Windaus formula, according to which the 
unsaturated linkages occupy positions of conjugation. Anahecs of the 
absorption spectrum (maximum at 280 niji/1. of molecular refraction 
data,® 2 and of X-rny measurements 02 all point in this direction, and the 
fact that the Rtcrol can be reduced with sodium and nmvl nleohol 24 indi¬ 
cates the presence of a conjugated system. Of particular significance is the 
formation of a characteristic addition product when crgosterol is heated 
with maleic anhydride ut a temperature of 135 0 .® 5 This shows for one 
thing that both of the double bonds must be located in the same ring, and 
the observation is roost easily interpreted in terms of a simple 1,4-addition 
to a diene system extending from C r , to C H . Degradation studies 1,8 lend 
definite support to the view thnt this is actually the point of attachment 
of the anhydride, molecule. It is of course possible that in a reaction 
requiring a moderately high temperature a rearrangement of the bonds 
precedes the formation of the addition product, and this explanation has 

11 Duim, FTcillinm, Plnpen, Samunt inti ^puiin J Vhm Rvr , 1570 (J134) 

•" t \uwirs unil Wiliter, tfnr/ ir ffrs JThi . 101 (1031) 

“ Rchulie, Z. phyttfc Chm , A171,430 (1931) 

M Windiun and Bninken, Ann , 460, 223 (IP2M 
WiniLuie and LQl tnnfihiiUH, Bn , 64, S'iO (1931) 

u Winilaiw nnd Inlioffen, 4nti, 510, 260 (1R34.), Inhoffen, ibid , 508, SI (1033), Hei , 68, 973 (1036), 
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been advanced in reconciling the Heilbron formula with the observed 
addition. Some rearrangement probably docs occur, for products are 
formed other than ergosterol-maleic anhydride, but it is of more signifi¬ 
cance that orgosterol can be regenerated almost quantitatively in a pure 
state by heating the addition product at 250 s m vacuum (Inhoffen, 88 
1933). The return of the double bonds to their original positions without 
the formation of stereoisomers would seem a remote possibility. Since 
the presence of a conjugated system fa indicated both by entirely valid 
chemical evidence and by the characteristic absorption Bpectrum of the 
sterol, the Windnus formula can be accepted as completely established. 

Ergosterol Peroxide and Dehydroergosterol. When an aerated alco¬ 
holic solution of ergosterol is exposed to visible light in the presence of 
a sensitizing dye such as ensin, the sterol is converted into a nicely crys¬ 
talline peroxide. 114 The substance is sensitive to acids, but not to alkalies, 
and it can be converted by reduction with zinc and alcoholic alkali to 
“ergostadicntriol-I,” 87 which is isomeric with the triol-II obtained from 
ergosterol oxide (page 172). In further work at the Gottingen labora¬ 
tory, Arhtermann 88 found that the tnul-I rearranges to the triol-II when 
warmed with maleic anhydride, and he regarded this as evidenre that 
the isomerism is of a stereochemical nature and that both substances 
have the 3,5,6-arrangemcnt of the hydroxyl groups. This view has been 
incorporated in the formulations given by Heilbron 81 and by Muller 88 
(Gottingen), in which ergosterol is represented as forming a 1,2-peroxide. 
In terms of the WindaiiR formuln for the sterol the changes are repre- 
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sented (Muller) as in (a). The isomerism of the triols I and II is 
assumed to be of the cis-tranB decalin type. 

This formulation is open to certain objections. Although represented 
as having two secondary hydroxyl groups, ergostadienetriol-I forms only 
a monoacetyl derivative (Achtermann 88 ), whereas the triol-II forms a 
diacetyl compound. Furthermore ergosterol peroxide differs from known 
1,2-peroxides 1 in being stable toward alkaline reagents, and it has more 
the character of a transannular compound formed by the 1,4-addition 

" Windaw and LI inert, Ann , 465, 148 (192S), Windnus, W. Bergman n and Ltttfcnnghaua, tind , 472, 
195 (1929) 

■ Arhtormum, Z. pJiyiurf Chm. t 217, 281 (1938) 

" M. MQ11 or, ibid., 251,75 (1085). 

i Kohler, Am. Chm 86,177 (1906). 
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of oxygen. Such a formulation (b) appears admissible, and it aooords 
well with the observation that the triol-I has but one group capable of 
being acetylated. According to this view the triols I and II are structural 



Ergosterol peroxide (?) Eigostadienetnol-I (?) Ergostadienctnol-II 


isomers and the conversion of the labile into the a table isomer may occur 
by an allylic rearrangement. 

It is also consistent with formulation (b) that crgostadienetriol-I on 
distillation loses two molecules of water, corresponding to the two tertiary 
hydroxyl groups, and gives a tetra-unsaturated substance, dchydroergos- 
terol. Ergostadienetriol-II is more stable and can be distilled unchanged, 
but it can be converted into dehydroergosterol by the pyrolysis of the 
monobenzoate or the diacetatc (Achtermann Db ). The highly unsaturated 
alcohol has been obtained also by the action of mercuric acetate on ergos- 
terol (Wmdaus and Linscrt BT ). Although the various reactions are not 
easily visualized, it appears probable that the driving force in the for¬ 
mation of dehydroergosterol comes from the tendency to form a system 
of extended conjugation. The presence of a conjugated system is clearly 
mdirated by a characteristic absorption spectrum, and by the ability of 
the substonre to combine with maleic anhydride and to form a peroxide. 
According to the formulas suggested by Muller w the compound differs 
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Dehydrocrgnqtcinl Dehydmciguslprol 

peroxide 


from ergosterol only in the presence of a conjugated double bond in 
ring C, and the peroxide is formed by transannular addition. One indi¬ 
cation of the presence of a conjugated system extending from C b to C, 
is furnished by Honigmann’s 1 observation that the maleic anhydride addi¬ 
tion products from ergosterol and from dehydroergosterol are converted 
into identical substances on the absorption of two and three moles of 
hydrogen, respectively. 
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The argument ia subject to the uncertainty that a migration of the 
bonds is not precluded in the addition of maleic anhydride, but Muller 
found more secure evidence on this point on investigating the isomeric 
crgostcncdiols which had been obtained * T by the catalytic hydrogenation 
of the peroxides of ergosterol and of dehydroergosterol. Muller regards 
these diols as differing only in the locution of the lone double bond, as 
in formulas I and II, the evidence being that they can be converted into 



Ergostrnrdmls 


identical derivatives in which the substituents at C, aud C, are still intact. 
That the tertiary hydroxyl group of the diol from ergosterol peroxide, 
and consequently that of the isomeric diol, is located at C E is shown by 
the relationship between the peroxide anil oxide of ergosterol, and there¬ 
fore one end of the peroxide chain of dehydroergosterol is definitely located 
at C 5 . Muller believes that the other end of the chnin is linked at C a 
because the peroxide, unlike dehydroergosterol itself, does not show the 
selective absorption characteristic of a conjugated compound. His for¬ 
mula for the peroxide indicates tlial the original conjugation has been 
destroyed by the 1,4-addition of molecular oxygen. 

Keoergosterol. While ergosterol is converted into a peroxide when 
an alcoholir solution containing rosin is exposed to visible light in the 
presence of oxygen, an entirely different reaction occurs in the absence 
of oxygen. 3 The sterol suffers dehydrogenation and yields a sparingly 
soluble substance of unknown structure called crgopinaeol, the hydrogen 
decolorizing the dye: 

2C m H 4I 0-*O 80 H m O 2 + H, 

On submitting ergopinacol to distillation at reduerd pressure, methane 
is liberated and ncoergosterol con be isolated from the distillate in 30% 
yield. 

The structure of ncoergosterol (I) is established by the following obser¬ 
vations. The Bubstanrc gives no sterol color reactions and contains but 
one reactive double bond. 4 The isolation of mcthylisopropylacetalde- 
hyde as a product of ozonization B proves that the reactive linkage is situ- 

1 WiDdniH aid Borguaud, Ann , 460,235 (1028). 

« Bomtedt, Z phyiu* Chrtn , IBS, 105 (1420) 

> laholTen. Ann., 407, 130 (1032) 
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a ted at C M -C U m the side chain, and Bincc analyses point to the presence 
of three additional (inert) double bonds, it is inferred that one of tho 
rings is bensenoid. That the substauce yields mcllophanic acid on oxida¬ 
tion with nitric acid (Inhnffen 1 ) is in accordance with this conception of 
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the structure. Mcllophanic arid could arise only as a fragment from 
ring B or ring C, and Honigmann n was able to distinguish between the 
two possibilities by a dehydrogenation experiment. When heated at 300° 
with finely divided platinum, cyclohexane derivatives ordinarily pan be 
aromatized unless the process is obstructed by the presence of on alkyl 
group at a bridge head 7 (ns, for example, at On)- Neoergoslerol was 
converted smoothly without loss of carbon atoms to a substnnee (IT) hav¬ 
ing the properties of a nnphthol If ring C had been originally aromatic, 
"iieli a dehydrogenation would have been impossible. 

Vitamin D and the Irradiation Products of Ergosterol. Rickets, a 
disease of infancy or curly childhood characterized by faulty ossification 
due to defective deposit of calcium phosphate at the growing ends of the 
bones, has long been known to respond favorably to treatment either 
with sunlight, or with cod liver oil and other fish oil= added to the diet. 
Studies of experimental rickets in rats led to the recognition that the 
disease is due primarily to a nutritional deficiency, and the remedial qual¬ 
ity of rod liver oil was traced to the presence of a fat-soluble principle 
now known as vitamin D. The antirachitic properties were at first incor¬ 
rectly attributed to vitamin A, which also concentrates in tbe fat-soluble, 
unsaponifiable fraction of cod liver oil. The special activity of the frac¬ 
tion is retained, however, after the removal of vitamin A, most conve¬ 
niently by means of its addition product with maleic anhydride. 7 Vita¬ 
min D is more closely related in properties to the sterols, although it is 
not precipitated by digitonin. The alcoholic nature of the substanee lias 
been demonstrated by Endcr, D who found that vitamin D reacts readily 
with phthalic anhydride, presumably to form an acid ester. These obscr- 

1 Tlonigniaitn, Ann , 511, 202 (1034) 

7 Zchnaky, Ber , 44, 3121 (1011); 45, 3678 (1012), 56, 1716 (1923) 

1 Dalmer, v WnpHor aud Mull, Z phyiwl Chun , 22A, 36 (1D34) 

1 Endnr, Z V%tam%nforvh , 2 , 241 (1933) 
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vations have been of value in preparing purified D-conoentratea from 
tunny liver oil (Endcr) and cod liver oil, 10 but although it haa been pos- 
aible to achieve an enrichment of about 20,000-fold the natural vitamin D 
has not yet been isolated in a crystalline condition. The moBt active 
preparations are composed of carbon, hydrogen, and oxygen and they 
display little or no optical activity. 

The beneficial effects of exposure to sunlight or ultraviolet light in 
the treatment of rickets formed the basis of a second line of attack. In 
1924 it was discovered independently by Hess and by Steenbock that, 
in place of irradiating the patient, the vitamin deficiency of the diet ran 
be remedied by irradiation of the foodstuffs. It was soon found that in 
this manner inert oils can be endowed with antirachitic activity similar 
to that naturally possessed by the fish oils. As in the case of cod liver 
oil the activated material was found in the unsaponifiable sterol fraction 
of the oils. It was inferred that an inactive sterol or sterol-like sub¬ 
stance present both in the foodstuffs and under the skin is transformed 
into vitamin D under the influence of ultraviolet light, and a search was 
made for this parent substance or provitamin. Because of the wide¬ 
spread occurrence of cholesterol the irradiation of this substance was 
investigated and the early results indicated that it is the provitamin. It 
became apparent, however, that, although samples of rholesterol often 
can be activated by irradiation even after rather extensive purification, 
the results are irregular, and in 1926 it was proven simultaneously in three 
laboratories 11 that the provitamin is not cholesterol but a persistent 
impurity. By extensive purification through the dibromide, by treat¬ 
ment with oxidizing agents, or by adsorption of the impurities on activated 
charcoal it is possible to obtain cholesterol which is not activatable. The 
methods found suitable for the destruction of the provitamin suggested 
that it is more reactive and more easily oxidized than cholesterol, and 
studies of the ultraviolet absorption spectra of activatable and non- 
activatable cholesterol indicated that the important impurity showB selec¬ 
tive absorption characteristic of a highly unsaturated substance. Atten¬ 
tion was then directed to ergosterol, since this was recognized as the most 
highly unsaturated and the most easily oxidized of the sterols, and in 
1927 it was announced 12 that ergosterol is the precursor of the anti¬ 
rachitic vitamin. The identification was based upon chemical studies, 
observations of absorption spectra, and biological assays. The anti¬ 
rachitic potency of irradiated ergosterol is far greater than that of irradi- 

>• Rygfa, .ViitiiM, us, set (lest). 

u PoM, Naihr. Get Witt., OnUngn, 14S (IMS), Heilbron, E. D. Eumi and R. A. Morton, CkMRufry 
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a ted (crude) cholesterol, and it is considered probable that cholesterol 
invariably is accompanied by small amounts of the light-sensitive sterol 
or a similarly constituted substance. 

The isolation of the antirachitic irradiation product of ergosterol in 
a pure form presented unusual difficulties, and it was soon recognised that 
under the influence of ultraviolet light the Bterol is transformed not into a 
single Hubstance but into a mixture of several isomer®. 12 The first crystal¬ 
line substances isolated, 14 suprasterol I and II, proved to be phyBiologi- 
cally inactive products of over-irradiation. The isolation of crystalline 
preparations of antirachitic potency was announced in 1930-31 in both 
England 1,1 and Germany, 1 * and the products were called calciferol and 
vitamin D,, respectively. In each case the crystallisate was later found 
to be unhomogeneous and the isolation of the completely pure, active 
isomer, was reported briefly by Windaus and Linsert 17 and fully 
described in 1932 by both the German 1,1 and the Englishinvestigators. 
The latter worker* retained the name calciferol for the new preparation, 
while at Gottingen this was called vitamin 1) 2 . The earlier preparation, 
vitamin I),, was found to hr a molecular compound of vitamin D s and 
the isomer luiniBtcrol. 20 A fifth isomer, a very sensitive substance which 
is known only in the form of derivatives, was called tarliysterol 21 (Gr. 
tarliys, swift) because of the rapidity with which it forms an addition 
compound with ritraennir anhydride. 

Of the five well-rharacterized, isomeric irradiation products only 
vitamin D., or calciferol possesses antirachitic activity. When properly 
standardized the substance has valuable medicinal qualities, and the 
physiological effect is so similar to that of the preparations from cod liver 
oil that it was at first assumed that the irradiation product, vitamin D„ 
is the active principle of the fish oil®. Careful investigation, however, 
has revealed distinct differences in the biological actions of vitamin D, 
and nntural vitamin D. A striking disparity has been noted on com¬ 
paring the substance from ergosterol with highly purified D-concentrates 
from tunny liver oil (Ender D ) and cod liver oil (Rygli 1# ). While vita¬ 
min D„ is strongly dextrorotatory, [al n +103°, and the spectrum displays 
a maximum of absorption at 266 m/i, the fish oil preparations are optically 
inactive, or nearly so, and show no absorption maximum in the region 

w WindauB, Narhr Gt i IFim , QdtUnocn, SO fl930) 
m Windtun, Gaodo. Ko«cr and Stein, Inn , 483, 17 (1030) 

w A’krw.Bourdillon, Brum, Jenkins und Writer, Prw Roy Hoc (Loudon), B107, 7fl UQSOl, Anglia 
\hIcpw, Boiirdillon, Brum, ChIIow, Fiwhiuiuin, Plulpot and Wpbater, ibid , BIOS, 340 (1931) 

11 Windiuu, LQttnnRhauB and Deppe, 4nn , 480, 232 (1091) 
n Wmdaiw and Lineort, ibid., 489, 269 (note added to thr proof] (1931) 

» Windaue, L insert, LOttnnghaiu and Wpidlioh, ibid, 492,226 (1032). 

11 krkew, Bourdillon, Bfupp, Callow, Philpotand Webster, Pror. Roy Snc , (London),B109.4HB (1932) 
11 WindAUH, Ditbmar and Frrnhnli, Ann , 493, 250 (1032) 

■ WindauB, v. Wpnler and LQttnnghnu 1 *, ibid , 409, 133 (1032). 
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260-270 mju. On the other hand the D-concentrates from fata of various 
species of animals appear to be identical. 22 While the possibility that the 
two antirachitir substances arc the same perhaps must remain open until 
the isolation of the natural vitamin has been accomplished, the evidence 
at present definitely points in the opposite direction. 

If the irradiation product of crgostcrol is indeed not the substance 
originally sought, it is a good substitute for the natural vitamm. Win- 
daus recently has made the important discovery that other potent anti¬ 
rachitic agents can be produced artificially. The supposition that the 
conjugated nuclear double bonds of crgostcrol are responsible for both the 
characteristic ultraviolet absorption and the ability to become activated 
on irradiation, was substantiated by a study of 22-dihydroergosterol, 23 
a rompound readily prepared by blocking the conjugated system with 
maleic anhydride, hydrogenating the double linkage, and elimi¬ 

nating the malcir anhydride. It mis found that the dihydro compound 
has nearly the Rnme rotation and absorption spectrum as crgosterol and 
can be activated by ultraviolet light. The antirachitic action of the 
product was only about one-thirtieth that of vitamin D 2 , but the obser¬ 
vation showed clearly that crgostcrol itself is not the only Bubstsncc 
capable of functioning as a provitamin. Tt seemed possible that the 
introduction of a second double bond into cholesterol might give a sub¬ 
stance capable of being activated, and the preparation of such a com¬ 
pound was accomplished by Windaus, Lcttr£ and Sehenck 24 in the follow¬ 
ing manner. 7-Ketocholesteryl acetate (T), prepared by the oxidation 
of rholesteryl acetate with chromic ncid, 2r ' was reduced with aluminum 
isopropylate and the diol was isolated as the dihenznatc, II. When 



■ nnh. Naturt, 116, 562 (1931). 

■ Windaiu ind L&ngrr, Ann., 908,10C (1033). 

« Windaus, LrttrC and Sohenek, tbtd , 520, 00 (1035) 
* Mauthner and Buida, Ifonntih., 17, 503 (1806). 



IRRADIATION OF SROOSTSROL 


181 


heated to 200°, II loBt one molecule of benzoic acid and gAve the benioate 
of 7-dehydrocholesterol (III). The compound ban the absorption spec* 
trum characteristic of ergostcrol and the product of irradiation wbb found 
to have a remarkably high antirachitic activity. The limiting anti* 
rachitic dose for the crude material is about 0.15?(1? = 0.001 mg.), in 
comparison with the dosage 0.075? for ergosterol. The ability to acquire 
antirachitic properties on irradiation is not specific to a particular sterol 
skeleton, but appears to he dependent upon the presence of the charac¬ 
teristic conjugated system in ring B. This important observation leaves 
little support for the early view that vitamin D is necessarily identical 
with vitamin D, because of a similar physiological action. 

Studies of the succession of changes occurring on the irradiation of 
ergosterol have shown 21 - 20 that the order of formation is as follows: 

Ergoslprol 

I 

Lumislcrol 

ra i 

TuchyMeiol 

i 

Vitamin D, 

/ \ 

Supmstci ol I Supra sterol II 

The irradiation of any substance in the list leads to the formation of a 
mixture of all of the substances below it, and there is no indiration that 
any of the changes are reversible. The products of over-irradiation, 
suprasterol 1 and Buprasterol IT, are not altered by further exposure to 
ultraviolet light and they arc not interconvertible. There is evidence, 
both spectrographic and toxicologic, that another product, cnlled “toxis- 
terol” or “substance 248,” is produced by over-irradiation,-' 7 but the sub¬ 
stance has not -been isolated. In addition to this succession of products 
of irradiation, two additional isomers have been obtained by thermal 
treatment of vitamin I),,: pyrocalciferol 12 and isopyrovitamin 25 While 
this remarkable series of well-characterized isomcrir transformation 
products is perhaps without a really comparable parallel, it may be noted 
that there arc some points of similarity in this respect between ergosterol 
and abietic acid. In each substance there is a cyclohexane ring contain- 

■ Sets, Z vhpul CAM , Z1S, 1S3 (IBM) 

■BA Morton, Hnlhron mid E D Kornm, 1 CArm Hot , JOOO (1027); Uill'. Honeywell nnd Coo, J, 
Biol Clem, 80, SA7 (IRIS), Liquor and Ijnnert, Kim BorAwAr, 11,713 (1093) 

■ Bun-. Z. pA«iM. CAm , 214,311 (1033). 
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ing two double linkages, probably in positions of conjugation, and it will 
be recalled that ahietir acid is only one of a series of rather labile isomers 
These isomerisations have been little studied, however, and the changes 
have been induced only by heat or with the use of catalysts. 

In view of the difficulty of establishing the complete structure of 
ergosterol, it is hardly surprising that the problem of accounting for the 
products of irradiation is not yet completely solved. Considerable prog¬ 
ress has been made in the brief period since the discovery of the com¬ 
pounds, and in anticipation of a rapid development of the field in the 
near future it will be sufficient to summaiize briefly the secure advances 
already made The five products of irradiation and the two pyro-com- 
pounds listed in the accompanying table arc all lsomcre of ergosterol. 
Unlike the parent compound, the urudiation products are not precipitated 
by digitonm, and isopyrovitninin is precipitated only incompletely by the 
leagent The double linkage at C^-Cj, is not involved in the transforma¬ 
tions, for the first live compounds nil yield methylisopiopylacctnldchyde 
on ozomzntion *\ It can be mfened that the absorption of ultraviolet 
light is attended with changes in the highly unsuturated ling B ol ergos- 

Isomuim Transformation Products of Ergosterol 




Numbci 

Number 

of 

Ciyrtnllmr 

Oxidation to 



Mp 

of 

dehydi o- 

mi Ihylbin/ini 

Ev idruce of 


double 

gr nil ion 

titracaibnx- 

i obligation 



bondb 

rings 

pi odurlb 

ylir find 


Ergosteiol 

163° 

3 

4 


Positive 

Positive 

Lumisieiol 

118° 

3 80, 31 

4 

W 

Positive ,s 


Tarhybterul 
Vitamin D 2 


4 82 

3 

Negative 17 

Positive 21 


(Calciferol) 

116° 

4 dd, 34, dll 

3 

None 32 17 

Negative Js 

PO'dtlVL 37 

Supraaterol 1 

104° 

3 33. Bb 

4 

None 57 


Negative JT 

fiuprasterol II 

110° 

(7) 81, dD 

3 or 4 

None 1,7 


Neg itive J7 

Isopyrovitimin 


3 2B, dh 

4 


PoMtive 87 

Positive 37 

Pyroralufirol 

95° 

324(2?)^ 

4 

c,A," 

Positive 87 

PoHltlM 37 
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terol. In consequence it is important to determine the degree of unsatu¬ 
ration in the different compounds, and this has been accomplished where 
possible either by hydrogenation experiments, particularly by the quanti¬ 
tative micromethod of Kuhn, or by perbenzoic acid titrations. Lumis- 
tcrol, like the parent compound, contains three double bonds and it may 
be inferred that the change in this case involves an epimerization or the 
migration of a double linkage. The presence in both tachysterol and 
vitamin D 2 of an additional double bond has been definitely established, 
and the surprising conclusion is reached that one of the four original 
rings has opened in the course of the photo-isomerization. Over-irradia¬ 
tion. at least in casr of the production of suprasterol I, appears to result 
in the closing of a ring, for only three double linkages arc indirated for 
the compound. The same is true for the two pyro-eompounds. 

Another method of determining the number of rings is by dehydro¬ 
genation experiments. Ergosternl, like rhnlestcrol and eholic aeirl, is 
converted by treatment witli selenium into the Diels hydrocarbon 
(C, JI lfl ), mdliylevelnpentenophenanthrene. In accordance with the con¬ 
clusion reached above, lumisternl yields the same hydrocarbon and there¬ 
fore contains the original ring system. Tn confirmation of the evidence 
Hint the four-ring svstem is no longrr present in vitamin D„, this sub¬ 
stance has vielded no crystalline products of dehydrogenation in repeated 
experiments by different investigators Although suprasterol I contains 
a four-ring system, thi* evidently is different from that of ergnsterol. 
In contrast to this product of the further irradiation of vitamin D 2 , the 
original ring system apparently has hern reformed in the case of the two 
pyro-compnunds Although Ihe cyclnpentenophenanihrenc system is 
indirated for lumisterol and for the two pyro-eompounds there probably 
nro stereochemical differences, for these substances yield different per¬ 
il) dro derivatives, all of which differ from pcrhydroergosterol. 

Although the oxidation of ergosterol with nitric acid must involve a 
peculiar rearrangement (page 172), the reaction appears to be a charac¬ 
teristic one and the formation of a benzenoid acid probably is indicative 
of a concentration of the unsaturated linkages into a single ring. As 
applied to the isomers of ergnsterol the results parallel exactly those of 
the dehydrogenation experiments. In those cases in which the original 
ring system is retained it is probable that the nuclear double bonds arc 
associated with ring B. 

In analyzing the problem of the structures both Lettr6 n and Muller ,T 
assumed that it is the unsaturated ring B which has been opened in the 
change lumisterol—> tachysterol, a point which is supported by the 
failure of tachysterol to yield methylbenzene tetracarboxylic acid on oxi- 
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workers. 84 - 40 By the careful oxidation of calciferol (vitamin D.,), VI, the 
English investigators obtained tin unsatuiated aldehyde C n li, 4 0 (VIII) 
which, because of the number of carbon atoms and the absence of n 
hydroxyl group, can only arise from the cleavage oi a double bond at the 
original 5,6-posiliun of a structuir such ns that of formula VI. One of 


no 



« m (VI) 



Vitamin D, 


Dihydro vilamin-miloir anhydride 



OJiC 


("iL (VIII) 



the two unlocntcd ethylemr linkages must le associated with the birycho 
part of the molecule, the other with the cyclohexane ring, anil Heilhron 
suggested provisionally the positions C 8 -C„ and C,-0 1B Windaus and 
Thiele ' l0 were able to carry the evidence still further in a Bludy of two 
isomeric (stercoisomerir?) addition products of vitamin D, with maleic 
anhydride Both substances give dihydro derivatives by tbe saturation 
of thr double bond in the side chain The fin nun workers represented 
the addition as occurring to the diene t-ystcin extending from C 0 to C,„ us 
shown in the formula (VII) for the dihydro compounds This structure 
is firmly grounded by the following degradations On ozonization of 
both oi the dihydro addition piodurts theic was obtained a saturated 
ketone which, from the composition (C,„H h O, buy die), must have the 
structure X. The observation establishes the presence of a double bond 
in the 7,8-position The nature of the other half of the mnlcrule was 
revealed by the isolation of 2,3-dimethylnaphtlmlcne (IX; as a product 
of the selenium "dehydrogenation” of the dihydro addition products. The 
reaction appeared unusual, for although hydroaromatie compounds had 
been observed to undergo reduction and hydrogenation in the presence 
of selenium (page 159), no example was known of the conversion of car¬ 
boxyl or anhydride groups into methyl groups, as demanded by the above 
formulation. Tn model experiments, however, Thiele* and Trautmann 41 
found that such a reaction can be realized with simpler hydroaromatie 


u W Thule ud Trautmann, Bit , M, 2215 (1SS5) 
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anhydrides, or with a mixture of an aromatic anhydride and a hydrogen 
donor. p-GyclohexylphenoI is a convenient substance to UBe as a source 
of hydrogen atoms because the p-hydroxydiphenyl formed on dehydro¬ 
genation is easily separated from the reaction product. On heating naph- 
thalene-2,3-dicarboxylic arid anhydride with selenium and p-cyclohcxyl- 
phenol there was obtained 2,3-dimethylnaplithalene, an observation which 
clearly supports the interpretation of the above reaction. 

The identification of degradation products characterizing both pnrts 
of the molecule establishes rigidly the structure of the maleic anhydride 
addition product. Provided that there is no rearrangement in the reac¬ 
tion of vitamin D, (as the acetyl derivative) with maleir anhydride at the 
temperature of the steam bath, these observations also completely estab¬ 
lish the structure of the vitamin itself. From the present indications a 
rearrangement appears unlikely. 

From the fact that lumisterol i* not precipitated by digitonin it is 
probahle that an cpimerizalion occurs in the first step of the photoisom- 
crizntion, and all of the succeeding compounds of the series nre provision¬ 
ally regarded as cpi-compounds. The highly reactive tachystorol may well 
have the bond structure indicated in formula V, above. The transforma¬ 
tion of the compound into vitamin I), would then involve a simple migra¬ 
tion of the conjugated system to include the methyl group. The thermal 
cyclization of vitamin D» with the reformation of the sterol ring system 
(pyrovitnmins) is understandable in the light of the Windnus formula. It 
is interesting that a formula very similar to that of vitamin IX lias been 
suggested for I-pimaric acid, a primary constituent of oleoresins which is 
easily eyelized by heat (page 68). Ruprasterol I has a ring system dif¬ 
ferent from that of the sterols and Muller 11 suggested that in this cose a 
spiroeyclopentane ring iR produced ns the result of irradiating the vitamin. 
This change is likewise reconcilable with the newly established formula. 

Clearly the complicated picture has assumed definite outlines and, 
although further investigation will be required to supply completing 
details, the problem of the irradiation products of ergostcrol can be 
regarded as solved in the most essential details. The vitamin D problem 
is still open, however, for the natural vitamin has not been isolated and it 
very probably is different from vitnmin D 2 . The demonstration that the 
cholesterol molecule can be modified in such a way as to become capable 
of activation suggests that the animal organism may produce its pro¬ 
vitamin from this sterol. 



Chapter V 
Sex Hormones 

While the abundantly occurring sterols and bile acids have been the 
subject of chemical investigation since the very earliest days of the 
science, the chemistry of the sex hormones is a strictly modem problem. 
Certain of these hormones occur in the organism in extremely small 
amounts and can be separated from other biological material only with 
the greatest difficulty, and it wnB not until 1929 that work on the interest¬ 
ing nnd important problem of structure was made possible by the isolation 
nf one member of the series in a pure, crystalline condition. The history 
of the problem since 1929 has been remarkable in many ways, not the 
least of wliich being that in the short spare of >ix years sex hormones of 
three important types were isolated, their complicated molecular struc¬ 
tures were completely elucidated, and methods were developed for making 
the pure materials available for clinical use and for biological experi¬ 
mentation. Considering in addition the striking biogenctic relationships 
which the work has disclosed, it may he said that this is one of the most 
spectacular achievements of organic chemistry. 

Preceding the chemical researches, nnd furnishing the necessary foun¬ 
dation for this phase of the work, there was a considerably longer period 
of biological experimentation lending to the recognition of the existence 
of the hormones and to the definition of their specific functions. By 
purely biological methods it was established that all sexual processes of 
the organism proceed under the influence of ccrlnin chemical substances 
recognizable by specific biological tests and known as the sex hormones. 
The chemical work has established the compositions and the structural 
formulas of the principal members of the group, namely, the follicular 
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liormoucs oestronc and oestradiol (dihydrn-oestronc), progesterone, the 
hormone of the corpus luteuni, and the male hormones androsteronc and 
tostosterone. Each hormone exists in various polymorphic forms, and 
each is accompanied by certain related suliBtanres, of which some are 
inartivc and some have the same kind of physiological activity as the 
principal hormone of the group Androsteronc, testosterone, and all 
related male hormones havr qualitatively similar physiological proper¬ 
ties, but the actions of ocstrone and progesteione in the female organism 
are entirely different. Tn discussing the physiological functions it is con¬ 
venient to refer to the three principal groups of hormones rnthcr than to 
specific members which have been isolated in a pure, crystalline con¬ 
dition. The term “oestrin” is applied to the group of winch the pure 
substances ocstrone and oestradiol arc the typical representatives, and 
“progestin” designates progesterone snd its possible companions of sim¬ 
ilar physiological properties present in the corpus lutcum. 

The sex hormones appear to be formed in the testes or in the ovaries 
under the stimulation of hormonal secretion« (gonadotropic hormones) 
from the anterior lobe of the pituitary. They control the growth and the 
physiological functioning of the repi odurtivc organs and, according to 
their nature, the hormones secreted bv the genital glands promote the 
development of either the male or femule secondary sex characteristics 
The male hormones rontrol thr development of the genital tract and the 
accessory mole organs, and they influence the longevity and the motility 
of the sperm The normal growth of secondary marks of the male sex, 
such as the comb and wattles of the rock, takes plare under the stimu¬ 
lation of the male hormones. Corresponding with the greater complexity 
of the female organism, nt least two kinds of hormones appear to be 
required to rontrol the various processes in the uterine cycle and in 
pregnancy. One type, oestrin, is produced in the ovary, possibly in the 
ripening follicles, and it passes from the ovary to the uterus and the 
vagina and produces the characteristic changes of ocBtrus (sexual heat). 
Since it usually is associated with the follicular phase, oestrin is often 
referred to as a follicular hormone, but it is more specifically defined bs 
an oestrus-producing hormone. The second female sex hormone, pro- 
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gestin, is secreted by the corpus lutcum (yellow body), an organ formed 
from the cells lining the follicle after rupture and expulsion of the ovum. 
The hormones ocstrin and progestin, acting in conjunction, control the 
uterine cycle. In humAns this consists iu the periodic preparation of the 
uterus for pregnancy, and it occurs in two phases. Hie first phase, occur¬ 
ring under the hormonal influence of ocstrin, consists in the growth or 
proliferation (cell-division) of a functional bed, or mucosa, in the uterus. 
The corpus lutcum hormone then prepares this bed for the implantation 
of the fertilized ovum, in the second, secretory phase. Tn ease there is no 
fertilization leading to pregnancy, the mucosal bed largely degenerates 
and returns to the unprolifcrated, nr resting, condition. 

The Gonad-Stimulating Hormones. However important in the direct 
regulation of the sex processes, the hormones of the gonads (testes and 
ovaries) are not in complete, primary control of these processes for they 
owe their origin to the stimulating act inn of still another kind of sex 
hormone. This other hormone, nr group of hormones, is secreted by the 
anterior lube uf the pituitary gland and parses in the blond stream to the 
testis or ovary and tliere stimulates these organs to produce either male 
hormones or ocstrin and progestin. Because rif this nrtion on the gonads, 
the artivc substances of the pituitary are rilled gonadntropir hormonoB. 

That the sexual cycle uiuln the direct control of the pituitary was 
perhaps first indicated by cluneal observations of the connection between 
pertain diseases and the disfunction of the pituitary gland A confirma¬ 
tion was found in tlic stuil> of the partial or total removal of tlic anterior 
lobe by operation (hypoplnscetomy). By partial hypoplivseclomy it 
nns found possible to arrest normal ->e\ual activity, and by complete 
livpophvscctomy all sexual activity could lie inhibited (Cushing, 1909). 
With the development of n technique for studying the effects of opera¬ 
tions on small female animals (Smith, 1927), it was demonstrated clearly 
that the removal of the anterior lobe before puberty leads to continued 
infantilism, while if the operation is performed at a later period the 
sex cycle peases and tlic ovaries become atropine. The next advance was 
the demonstration that the implantation of pituitary tissue into hvpophy- 
scctomized female animals restores the normal cyclic change^ and results 
in the reappearance of the state of oestrus (Smith, 1930). New follicles 
are produced and luteinization (rorpus luteum formation) occurs. With 
immature normal females the implantation of such tissue lends to pre¬ 
cocious sexual maturity: enlargement of the ovary and uterus, appear¬ 
ance of oestrus (Zondek and Asclilieitn, 1927; Smith and Engle, 1927). 
Implants of the pituitary gland iKo bring about the regeneration of the 
reproductive organs iu hypoplivsectomized male animals. In the case 
of castrated animals such implantation has no effect. This body of 
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observations indicates the nature of the relationship between the anterior 
lobe and the gonads, and it clearly establishes the pituitary control of the 
sexual processes. 

That this control is purely hormonal in character finally was estab¬ 
lished by the production of similar effects with rcll-frcc extracts of the 
pituitary (Evans, 1028). These extracts appear to contain as the active 
principle a chemical substance or group of substnnees which under normal 
conditions is carried from the brain in the blood stream and stimulates 
the gonads to produce the hormones of the genital glands. The active 
principle of the hypophysis docs not appear to be sex-specific like the 
hormones produced under its stimulation in the Lcstis or ovary, although 
according to some workers the active principle can be divided into two 
factors, one of which is thought to induce follicle ripening, the other to 
promote lutcinization. 

The whole problem of the chemistry of the gonad-stimulating hor¬ 
mones still awaits solution, for the active principles have not been iso¬ 
lated in a pure condition \ physiological method of determining quan¬ 
titatively the activitv of cxliarts and preparations is available through 
the observation of changes produced in infant female mammals. A 
“mouse unit” of the hormone N defined as the smallest amount of sub¬ 
stance which will bring about folhrlc ripening and luteinization in the 
infant female mouse. A source of goniulotrnpip hormones other than 
pituitary tissue has been discovered in the urine of women in the first 
fctage of pregnancy. The urinary hormone is called prolan, and thrre 
are some differences between this material and the hormone obtained 
from pituitary tissue. The biolngiral n^nv of prolan in urine provides 
a method for the early diagnosis for pregnanry (Aschheim-Znndek reac¬ 
tion), for the hormone is rxcretrd in the urine only during this condition.* 
The original Aschheim-Zomlek test lms been largely replaced in this 
country and in England bv the Friedman test (rabbit ovulation). The 
latter requires n single intravenous injection in a sexually mature rabbit. 
The prolan found in urine comes from the placenta, rather than from the 
anterior lobe of the pituitary, and its relationship to the artive pituitary 
substance is not yet clear. Active preparations can be obtained from the 
urine of pregnancy by various methods. 1 Prolan is soluble in water, 
dialyzablc, sensitive to heat and to hydrolytic or proteolytic enzymes. 
It is easily adsorbed on benzoic acid, quinone, or permutit, and it can be 
precipitated from an alcoholic solution by means of acetone. 

Biological Investigations of the Male and Female Sex Hormones. 
The presenre of hormones in the testis and ovary, and the nature of their 

> K.tiirin Jad Dniny, / Biol Ch'tn 98,739 (1B32;, Tlaurmitr, Row ud D.lint, X phunol Cl rn , 
228,41(1988) 
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specific physiological functions was established by animal experiments 
resembling in general purport those described above and for the most part 
antedating the work on the gonadotropic hormones. With the use of cas¬ 
trated animals, or animals not sufficiently mature to display full sexual 
activity, it was possible to test various biological materials for their 
ability to restore or to initiate such activity. Since the complete removal 
of the ovaries (double ovariectomy) from a female mammal abolishes 
the normal cyclic changes, these change,® must be due to some influence 
from the ovaries. That the effect is hormonal in nature, that is, due to 
the stimulating action of some agent capable of being transported in the 
body fluid, was inferred from the observation lhat the cyclic changes are 
maintained on autotransplantation of the ovaries to other sites of the 
body. A great advance was made in 1923 by E. Allen and Doisy 2 who 
discovered a convenient test for (lie follicular hormone which depends 
upon its ability to produce the typical ncRtrous reaction when injected into 
castrated mice or rats. A positive reaction is easily recognized, for the 
reproductive cycle in the normal animal is characterized by distinct 
changes in the cell structure of the lining of the vngina. At the height 
of the ucstrouB stale this acquires a unique, rornified character easily dis¬ 
tinguished from that typical of the resting period, or the permanent con¬ 
dition of the castrated animal. The microscopic examination of vaginal 
smears gives a reliable indication of the neutrons condition of the living 
animal. 

Allen and Doisy prepared alcoholic (cell-free) extracts of ovaries 
capable of inducing typical oestrus in the test animals, and in this way 
proved that the active principle is a chemical substance. It was pos¬ 
sible, moreover, to evaluate the activity of a preparation in terms of 
mouse or rat units. A mouse unit of the hormone is defined as the 
quantity which just suffices to produce the ocbtruus response in the cas¬ 
trated animal. The amount of material required depends somewhat upon 
various details of the procedure, and the mouse unit, as defined in the 
standard procedures employed in different laboratories, varies from about 
0.047 to about 0.1 7 of pure oestronc (I 7 -0.001 mg.). The method of 
bio-assay gives very reliable aud reproducible results 3 and, since the 
sexual cycle for the mouse is only 4-6 days in duration, the test can be 
performed rapidly. Many investigators prefer to determine activity in 
terms of rat units. A comparison of results is rendered uncertain by the 
fact that the ratio of the mouse unit (m. u.) to the rat unit (r. u.) varies 

1 £. Allen end Doisy. J. Am. Afad. Auoen., Bl, SID (1B23J. 

1 Kah nt and Doisy, Endmrinology, 12,700 (192R); Uutennndt and ▼. Zifignar, Z phynol Chm ., IBB 
1 (1930); Gad-Andrwon and Jariov, Aria 3rand., B4, 224 (1034). 
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considerably depending upon the medium and the method of injection. 
Most authorities place this ratio somewhere within the limits 1:4 to 1:9. 

The Allen-Doisy test proved to be an indispensable guide in the search 
for the pure oestrus-producing hormone. The substanre was found 
present in the follicular fluid, in the mammalian placenta, and in the 
blood, and fairly active extracts of the first two tissues were prepared by 
a number of different investigators. Organic solvents extracted a num¬ 
ber of substances in addition to the hormone, however, and a separation 
from the inert material of the tissues proved to be extremely difficult. 
Little progress in the direction of the isolation of the hormone was made 
until Aschheim and Zondek 1 in 1927 rnude the important discovery that 
an oestrus-producing substanre is excreted in considerable quantities 
in the urine of pregnant women. This observation was of enormous value 
in expediting the chemical investigations, for a simple benzene or ether 
extraction of the urine of pregnancy provides a solution of a large quan¬ 
tity of the hormone in a far purer condition than it had been possible to 
obtain by elaborate purification of the nlrohulic tissue extracts. In the 
urine the substance is not contaminated with the great mass of inert 
materials extracted from the ovaries With a convenient Bource of the 
hormone and a reliable te>«t for physiological activity both available, the 
work of isolation entered a final, chemical phase and in 1929 a follicular 
hormone was obtained in a pure, crystalline condition by two different 
groups of investigators. This work will be described below. 

The investigations of the male sex hormone® date at least to the 
experiments of Bertliold in 1849 The castration of a cock lends to the 
general regression of the characteristic head furnishings of the animal, 
and the comb and wattles soon atrophy and almost completely disappear. 
Bertliold found that the transplantation of testis tissue causes the comb 
of the eupon to resume growth The regeneration of secondary bcx 
characteristics by the implantation or grafting of testicular tissue was 
clearly demonstrated m latci experiments with the some test animal 
fPeznrd, 19111, but it was not until 1927 that the effect was proved to be 
of a hormonal character. In that year McGee," of the Chicago research 
group of Koch and Moore, prepared n cell-fire, alcoholic extract of bull 
testes containing an active principle capable of promoting comb-growth 
in capons. The observation was soon confirmed ami extended by a num¬ 
ber of other investigators, (Korli and Moore, Locwe and Voss, Funk and 
Harrow, Stein nch, Dodd*. Laqueur, Frattini and Mnino) but at first all 


« Aaehhcnn and Zondek, Klin WochKhr , 6,1322 (1027). 

1 For detailed diwunnonn and reference a, C R Moore, “The Riulogy of TeaHa," nnd F C Koch, 
“niorhemisiry and Abmv of Teatn Hormone*,” in K Allen'i "Sox and Intomal Secretions," pp 3491—3*11 
(1932) 
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attempts to isolate the active principle from this source wore fruitless. 
Prompted by the possible analogy to the follicular hormone, a number of 
workers then investigated the normal urine of males and found* (1928) 
that a male hormone is excreted in the urine, although only in extremely 
small amounts. Following shortly after this discovery the difficult task 
of isolating a hormone in a pure condition was accomplished in 1931. 
Finally, in 1935, a male hormone was isolated from testicular extracts. 

Also of recent date is the work on the corpus luteum hormone. A 
biological test (Corner and Allen, 1929) was found in the effect of the 
active principle of the corpus luteum on the uterine mucosa of the sexu¬ 
ally mature castrated rabbit, but the absence of any source of material 
other than the rorpus luteum itself was a great handicap in the investiga¬ 
tions. The isolation of progesterone was achieved in 1934 

The Oestrooenic Hohmones 

Isolation and Properties of Oestrone. The isolation of this important 
ocstrus-produnng hormone in a pure, crystalline condition was accom¬ 
plished independently in 1929 by Doisy and co-workers 8 at the St. Louis 
University School of Medicine and by Butenandt 8 at Gottingen. The 
respective results were announced at Boston in August and at Kiel in 
October. Early in the following year the Laqueur research group 10 at 
Amsterdam reported the isolation of an apparently identical crystalline 
substance of high physiological activity. In each case the urine of preg¬ 
nant women was used as the starting material When such urine is shaken 
with an immiscible solvent such as ether, butanol, or benzene a consider¬ 
able portion of the oestrogenic material is extracted, for the hormone is 
readily soluble in all organic solvents and sparingly soluble in water. A 
better yield is obtained if the urine is acidified and submitted to hydroly¬ 
sis before the solvent extraction. Fresh urine is not required, as the hor¬ 
mone does not appear to deteriorate rapidly. In the first step of Doisy'B 
original process 11 the urine was acidified to pll 4, allowed to stand for 
several days, and extracted with olive oil The hormone was then extracted 
with alcohol. Butenandt made u^e of a technical crude oil supplied by 
the Rrhering-Kahlbaum A.-G. This was obtained by the ether extrac¬ 
tion of acidified urine, followed by the parlinl removal of acidic impurities 
by extraction with very dilute alkali. The biological assay of the dark 
brown Byrup indicated the presence of about 0.3 per cent of active mate- 

* Tioewp, Von. Lump and Wdnnor. Kin Wvttorkr , 7,1376 (142M 

I Dow, Volar and Thayer, Am J Phynat, 90. 330 (1430), J Bull Cum , SO, 404 (mho), 17, U7 
( 1010 ) 

• Rutennndt, Hatunntwucliaflm, 17,870 (1934), Dulniandt and y Zirsnrr, Z i hynol CO no , IBB, 1 
(1410). 

II Dinjpuiinae, do Jonah, Kobcr and Laqueur, Deal mod Wuchvhr, 06, 801 (1480) 

11 For lntar mtUiDih, aoa Kntinnn and Doiay, rw lor BrpU Bui ilrd , 80,1140 (1433) 
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rial. In the various methods for the further purification of these crude 
extracts, advantage is taken of the stability of the hormone to acids, baseB, 
and heat, and of its weakly acidic (phenolic) character and ketonic 
properties. After an alkaline hydrolysis of the crude oil, Butcnandt 13 
distributed the material between 50 per cent alcohol and ligroin, the first 
solvent retaining nearly all of the hormone. A further enrichment was 
attained by extracting the active principle from the alcoholic phase into 
benzene. After removal of the solvent the material was subjected to 
hydrolysis with hot, alcoholic hydrochloric acid and extracted from a 
solution in ether with 1 N sodium hydroxide. The purified oil then yielded 
a crude, yellow crystallizate on distillation in high vncuum, and com¬ 
pletely pure crystals were obtained on repeated sublimation and crys¬ 
tallization. It was later found 13 that the hormone forms with quinoline 
a very sparingly soluble molecular compound whirh affords a convenient 
method of obtaining pure, colorless crystals from the crude distillate. 
The complex crystallizes almost completely from quinoline and it is 
decomposed by shaking with ether and dilute acid. The Bcinicnrbazone 
also has been used in isolating and purifying the hormone. 14 

Ab stated above, treatment of human pregnancy urine with acid mark¬ 
edly increases the yield of hormone which can he extracted with solvents, 
and for the highest yield hydrolysis under drastic conditions is required. 
This was demonstrated clearly in the systematic studies of the Laqueur 
group. 16 It is not a question of liberating oestrone and its companion 
oestriol (page 200) from their simple (phenolic) salts, but of decompos¬ 
ing stable combinations of the substances with constituents of urine 
(glucuronic acid7). Cohen and Marrian, 16 in n careful study of the fac¬ 
tors influencing hydrolysis, found that in order to make an accurate 
quantitative assay of the oestrone and oestriol in pregnancy urme it is 
necessary to effect the hydrolysis under conditions whirh combine maxi¬ 
mum liberation of the hormones from the cthcr-insolubic forms with mini¬ 
mum destruction of the liberated Ruhstanccs. They recommend that the 
urine he adjusted to pH 1, further acidified by the addition of 3.3 cc. of 
12 N hydrochloric acid per 100 cc. of urine, and autoclaved at 120 s for 
two hours. 

In this work Cohen and Marrian (1034) employed a colorimetric 
method, based on the Kobcr test, 17 for the separate quantitative estima¬ 
tion of oestrone and oestriol in ethereal extracts of human pregnancy urine. 

u Dutenandt, Z. ptyriol. C\em., 191, 127 (1030). 

" Butenandt and U. Wwtpluil \tnd. t 223, 147 (1934). 
u Curtin, MaoCorquodalr, Thayer and Doinv, J BuA. Ckm , 107,191 (1934) 
u Borrhardt, Dimpmanu and Laqueur, Saturwungnsehafln, 22, 190 (1934). 
m 8. L. Cohan and Marrian, Biochm. /., 28, 1003 (1984); 29. 1677 (1086). 
u Koher, Binchem 7., 239, 209 (1931); A eta Benin Nterlnrd , 5, 34 (1936). 



PROPERTIES OP THE HORMONE 1M 

The Kobcr method, which depends upon the development of a red color 
when the hortnoncB are heatrd with phenolsulfonic acid-sulfuric acid fol¬ 
lowed by the addition of water, has been simplified by Cortland, et af., 18 
who, like Cohen and Marnon, found that the results are in good agree¬ 
ment with the hio-as^ays. David 18 has described a color test specific 
for oestriol, and Zimmerniann 80 has investigated the use of the Jaffe 
picric acid reaction for the colorimetric determination of ketonic hormones. 

The properties of pure oestrone are indicated in the accompanying 
table. Studies 81 of the crystalline form and of the melting point on the 


Properties of 0estrone 


Fuiniula 

M p 22 
(rorr) 


Solubility 
in water 13 
(18 B ) 

Dissociation 

ronsUnl 13 

Physiol 
activity, 
mouse units 
perg. 24 


259" 

4 158 5° 

21 mft /liter 

BED 

8-10 million 


Dpnviitivps, 2 * m p Acnlitp, 126"; B( u/cjto, 2175"; Oxime, 233", 
Melhvl rlhpr, 167", Semiiurbnrone 259’ 


microscopic stagr indicate that oestrone can exist in no less than three 
polymorphic forms, melting nt 254°, 256°, and 259° (corr.). This obser¬ 
vation probably accounts for the divergence in the melting points recorded 
in the literature. At one time Butcnandt 39 interpreted small differences 
in the physical properties and bio-assay of samples obtained from dif¬ 
ferent sources as indicating the existence of isomeric forms (a and p) of 
the hoimonc, but the burden of evidence u > 3813 ' does not support this 
i lew. An apparently isomeric substance (S-follicular hormone) of much 
l<m cr melting point and phvsiologiral activity was described by Schwenk 
•iud Hildebrandt . 38 

The hormone Iiob been known by a number of different nameB and 
until rcrcntly little acrord has been reached in this matter. Doisy’s desig¬ 
nation "theelin” (Gr. thcelm, female) has been used widely in this country, 
but it was applied at a time when the structure of the hormone was not 
known and the name unfortunately doCB not reflect the chemical charac¬ 
teristics of the substance. Butcnandt soon withdrew his original sug- 

» Cutluid, R K Meyer Miller and Rulr, J Biol Chm , 109,213 (M3Bj. 

11 Divid, Acta Brtvia Nnrhnd , 4, b4 (1131) 

11 Zimmermann, Z pkynol Chm , 233,237 (1135) 

* A Roller and Haiurhild, ibid , 224, 150 (1034), Mikroehrmu, 15, 55 (1034) 
r fitnul, Sundulcwn, TndonBon and Kutfferr, Compt rend , 104, 00° (1082) 
n de JonRh, Kobcr and Laqueiir, Rumhm Z . 270, 17 (1034). 

11 Buttnu’idt, i'i ftirhtei^ tnarhllti, "Chrime der KohlenatoffTerbindunaon," II, 575 (1035) 

*' Dntenandt and q former, Z phyt>io Chm, 208, 120 (1032) 

’■ Sohnrnk and Hildebrandt, JVa/uriruinwrfca/fwi, 20,058 (1032', Diochm. Z , 259,240 (1033) 
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gestion of "progynon” and employed the somewhat noncommittal, but 
perhaps too specific, term “follicular hormone,” and later “a-follicular 
hormone.” The specification of the “a-form” has lost its original 
significance. Marrian used “oestrin,” a name applied to the crude 
extract by Parkes in 1926, and “ketohydroxyocstrin.” Laqueur named 
the substance “menformon,” while Girard called it “follioulin.” In 
an effort to promote general agreement by abandoning names bearing 
an implication of priority claims, a group of English investigators 27 in 
1933 proposed the name “oestrone,” which indicates the ketonic char¬ 
acter of the hormone and its most important physiological action. The 
proposal included a general system of nomenclature according to which 
the alcohol resulting from the reduction of the hormone is called “oestra- 
diol,” while a companion substance having three hydroxyl groups is 
known as “oeatriol.” The English system was informally accepted by the 
majority of the investigators in the field at the League of Nations Con¬ 
ference held in London in the summer of 1935 28 and it is adopted in this 
book. The term “oestrin” is at present rather generally used to indicate 
the entire group of oestrogenic substances found in urinary or tissue 
extracts. 

Although the quantitative determination of oestrogenir activity by the 
Allen-Doisy method gives remarkably reproducible results, there are some 
variations arising from differences in the technique followed in different 
laboratories. In order to provide a means of comparison, an international 
standard preparation consisting of 20.9 g. of pure oestrone contributed 
by various countries was established in 1932 at the National Institute 
for Medical Research, London, under the auspices of the Health Organi¬ 
zation of the League of Nations. 22 The international unit is the quantum 
of activity of O.ly (1 X10' 7 g.) of the standard preparation. In making 
the assay a solution of the hormone in oil (sesame oil) is administered 
by subcutaneous injection. The dose required by mouth is about 40 times 
the subcutaneous dose. 22 

Other Sources of Oestrone. The average oestrogenic activity of the 
urine of pregnant women is about 10,000 mouse units per liter. Calcu¬ 
lated bb pure oestrone this would correspond only to about 1 mg. of the 
hormone per liter, and the yield of pure material which can be extracted 
by the ordinary laboratory technique is only a fraction of that present. 
Tn 1930 Zondek 30 discovered b new and better source of the hormone in 
the urine of pregnant mareB, the average activity of which is 100,000 m. u. 
per liter, or ten times that of human urine. It is estimated 31 that a single 

» Adam, Dinidli. Dodds, King, Parkes and Rosenheim, Nalvrt, 132,203 (1B33J. 

■ Private oommimiflfttjon from Dr. W. M. Allen. 

» J. Am. Msd. Asraen., 101,377 (1033). 

« Zonduk, KHn. WockRrhr , 9,2295 (1D30). 

■ Jim, ATaJurviMenicAq/tifi, 21, 33 (1033), 



EXTRACTION FROM MARE’S VR1NE 


1*7 


mare eliminates during pregnancy as much as 30 g. of oestrogenic mate* 
rial. Only from about 1500 patients of maternity clinics could an equal 
amount of material be obtained. This abundant and rich Bource has 
greatly expedited the work of isolation. The technical production of the 
follicular hormone has been undertaken with success by several industrial 
concerns and the valuable pharmaceutical preparation is now available 
in quantity at a comparatively reasonable price. In the urine of the 
mare the hormone is present in an ether-insoluble form to an even greater 
extent than in the case of human urine, and only 10-25% of material is 
dirertly extractable.® 2 Prior to the extraction the urine must be strongly 
acidified with hydrochloric or sulfuric acid and cither boiled for a short 
time or allowed to stand at room temperature for one or two weeks. The 
methods suitable for the working of human urine ran be applied to mare 
mine only after extensive revision, and various new methods have been 
developed. For the initial removal of the hormone from the acid-hydro- 
lvzed urine, Doisy and his collaborators 23 developed a process in which 
sodium benzoate is first added. The precipitate of finely divided bcnsoic 
acid carries down nenrly all of the hormone, either by adsorption or by 
coagulating the sparingly soluble hydroxyketone. In the remainder of 
the process use is made of some of the purifications developed by the 
St. Louis group for tlie extraction from human urine and the final isola¬ 
tion is through the scinicnrbazonc. By this method it iB possible to obtain 
about 0.5 g. of the pure hormone from 19 liters of marp urine in 10 hours 
of working time. Another rapid method has been developed by Beall 
and Marrian. 34 Toluene is employed for the initial extraction and, after 
various partitions between organic solvents and nlkali, the oestrone is 
precipitated as a mercury complex from an alkaline solution by the addi¬ 
tion of mercuric chloride and ammonia. After acid hydrolysis of the 
mercury complex the hormone is obtained in a highly concentrated con¬ 
dition. Since it is the carbonyl group which is responsible for the for¬ 
mation of the complex, the other oestrogenic ketones present in mare’s 
urine (see below) are precipitated along with oCBtrone 

Reputedly highly satisfactory is the method of isolation employed 
I y Girard hut not yet fully described in the scientific literature. ThiB 
investigator discovered in tninethylaminoacetohydrazide hydrochloride, 
(CH,) ,NCHjCONHNH 2 , a remarkable reagent for the isolation and puri- 

da 

fication of ketones.® 1 The substance reacts very readily with ketones 
to form water-soluble derivatives from which the purified ketones can 

■ Zondek. Arku Kmi, Vimrol Oral. UB, No 21 (1138) \Chem Abt , 28,8113 (1334)]. 

■ Curtis, J. Bud. CH.*., 130, XXXIII (1433); Curtis, MarCorquodnle, Thnyer and Dour, <M., 137, 
131 (1484) 

H Beall and Mamin, J Aar. Chetn Ind , 53, 30*^7 (1034). 

» Girard and Bandulcwo, Brit. Pat. Appl 6640, March (19341. 



198 


SEX HORMONES 


be recovered with ease. To separate oestrone and other ketonic sub¬ 
stances from a crude hormone oil a solution of the material in glacial 
acetic acid is warmed with Girard'B reagent for a short time and poured 
into water. Inert oils and colored impurities are removed by extraction 
of the aqueous solution with ether, and the clarified solution of the hydra- 
zone derivative is warmed with a slight excess of dilute acid. The ketonic 
substances are liberated and can be extracted with ether. 11 

A source of oestrogenic material still better than the urine of preg¬ 
nant marcs was discovered by Zondek 8T as the result of further investiga¬ 
tions of the occurrence of the hormone. Although oeBtrin plays a most 
important port in the physiology of the female organism, the occurrence, 
surprisingly enough, is not limited to the ovary, the placenta, and the 
urine of pregnancy. It appears from the work of the above-named inves¬ 
tigator that the hormone is present in astonishingly large amounts in 
the genital glandB and in the excretions of certain male mammals. The 
testis of the horse is the richest tissue known containing oestrogenic hor¬ 
mone. From the two testes of a stallion, together weighing 350 g., Zondek 
obtained an alcoholic extract containing 23,100 m. u. of material, which 
is about 300 times as great as that of both ovaries of n sexually mature 
mare. The average assay of stallion urine indicated a hormone content 
of 170,000 m. u. per liter. The identity of the ocstrus-produring principle 
in Btallion’s urine with that obtained from female urines has been estab¬ 
lished fully by the isolation of pure, crystalline oestrone from this source. a8 

The high hormone content of the urine of the male animal con be appre¬ 
ciated by comparing the values given in the accompanying table. The 

Hormone Content According to Zondek (1934) 



Per litrr 

Per rliein 


fin u) 

(m.u.) 

Stallion . 

. 170.000 

1,700.000 

Mara ... 

. 200 

2,000 

Pregnant mure. 


1,000,000 

Sexually mature woman . 

. 70 

170 

Pregnant woman . 

. 10,000 

15,000 


stallion excretes nearly twice as much oestrin as the pregnant mare and 
an inordinately greater amount than the non-pregnant female animal. 
In a year the stallion produces about 62 g. of hormone. The paradox 
of a higher excretion of the female sex hormone by the male than by the 
female animal has been found only with equines (horse, zebra, ass, kiang). 

a Other pmetaem for the notation of the liormones from urine Include: extraction with molten itrnnr 
arid [Oar. Patent 010,237 (19351], precipitation with narbnnvl lyarenta [Bnt. Patent 4? 1,030 (1934)1, 
and ealting out with ammonium sulfate [U.S. Patent 2,001,255 (1935)]. Bee aleo Ger Patent 018,135 
(1935); Brit. Patent 432,485 (1985). 

" Zondek, Arikiv Kent, Minimi. Goof., 11B, No. 24 (1933); Nature, 133,200,404 (1934). 

■Uoulofeu and Ferrari, Z, vhyeM. Chm 225, 192 (1934); Compt. rend. ear. bud., 118, 588 (1935); 
HAuerier, Neb. Chin. Ada, 17, 531 (1931). 
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For the bull, for example, the assay indicated only 330 m. u. per liter of 
urine. 

According to Cartland et al., 11 stallion urine is superior to the urine 
of pregnant mares as a source of the hormone because it yields oestrone 
in a readily purified form relatively free from closely related substances 
whirh interfere in the case of mare urine. These investigators were able 
to obtain about 60% of the total aetivity of the original urine as crystal¬ 
line oestrone. The urine was covered with one-third its volume of butanol, 
acidified strongly, and refluxed for four hours. The aqueous layer was 
extracted twice with butanol at room temperature by shaking and the 
combined butanol solutions were extracted with dilute soda solution and 
concentrated in vacuum under nitrogen. Butenandt’s procedure was largely 
employed for the further enrichment. A mixture of urine from various 
stallions assayed 38,000 rat unitB per liter and yielded 16 mg. of crys¬ 
talline oestrone (nearly pure) per liter. It is interesting that urine from 
a 2 year-old colt was found to contain no oestrogenic material. 

Another surprising discovery is that oestrin occurs in the vegetable 
kingdom. It has been observed 19 that extracts from various flowers, as 
well ns from certain lower animals and bituminous substances, pobscsb 
definite oestrogenic activity, but this does not constitute a proof of the 
identity of the active principle in each ease, particularly in view of certain 
observations to be recorded in a later section. In two raBcs, however, 
definite proof has been supplied by the chemical investigation of the 
active agent, Butennndt and Jarobi 40 succeeded in isolating pure oes¬ 
trone (18 mg.) from a palm kernel extract (50 kg.), and SkaTzynski 41 
obtained from female willow flowers (65 kg.) a crystallizate (7 mg.) of 
pure ocstriol, the hormone hydrate (see below). The substances isolated 
from the plants produce the typical oestrous response in castrated ani¬ 
mals. Whether or not the sex hormones play a port in plant biology is 
still a matter of uncertainty. Schoeller and Goebel 42 observed that hor¬ 
mone preparations isolated from mammals accelerated the germination 
and growth of hyacinths and of rertain other plants, but, although there 
have been some reports 41 of similar findings, most investigators 44 have 
obtained entirely negative results or have attributed observations simi¬ 
lar to thoBe of Schoeller and Goebel to the presence of impurities in the 

11 Aschhrim and Hohlweg, Deut. ned. Wochschr,, 59, 12 (1933). 

11 Bulenanrlt and H. Jacobi, Z. physio I Chrm , 21B, 104 (1033). 

41 Skwrynski, Bull intern, aeaef. polonaise, Claw «e*. matt, naf., Bll,347 (1983). [Cftem. Ah* , 21, 
4755 (1034)|. 

« Schoeller and Goebel. Biochem Z., 240, 1 (19*1): 251, 223 (1032), 27B, 293 (1935). 

41 Jaunt, Compt. rend,, 198,1175 (1031); Scharrer and Srhropp, Chm. Abt ., 28,2033 (1934), Chousrd, 
Compt rend, aor, hoi., 117,1180 (1934), 

44 Virtanen, r. Hausen and Siumtanioinen, Broehm Z., 272,32 (1934); Janot, Compt, rend , 200,1233 
(1933); Harder and Storm*, Jahrit. wus. Botan , 80,1, (1034); Bl, 383 (1935); Btoehem t , 280,176 (1985). 
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hormone preparations. 4 " v. Euler and Zondek 41 found that oestrogenic 
material added to the nutritive medium in which hyacinths are grown 
did not accelerate the growth or development of buds, but that most of 
the hormone was absorbed by the plant and inactivated. 

The Follicular Hormone Hydrate, Oestriol. Shortly after the prin¬ 
cipal oestrus-exciting hormone of urine had been isolated by Doisy and 
by Butenandt, Marrian 47 in London obtained from the urine of preg¬ 
nant women a crystalline substance which was fairly active aB judged by 
the Allen-Doisy test but which melted several degrees higher than the 
preparations isolated by the other investigators. The nature of the sub¬ 
stance was not at first clear, but Marrian’s analyses, 47 indicating the 
formula C^Hz.On suggested to Butenandt 4 " that the substance might be 
a hydrate of the hydroxyketone, C la H sl O„ which he had isolated. ThiB 
hypothesis soon was verified, for Butenandt 110 prepared a quantity of 
the new material acrording to Marrian's procedure and found that it 
yielded oestronc when heated with potassium hydrogen sulfate and dis¬ 
tilled in a high vacuum. The relationship is shown in the accompanying 
formulas: 



Marrian and Haslewood 31 confirmed and extended Butenandt’s observa¬ 
tion by dehydrating the methyl ether of oestriol and identifying the prod¬ 
uct as the methyl ether of oestrone. 

Doisy“ independently encountered oestriol at about the some time 
in perfecting the process for the isolation of oestrone. Although the latter 
hormone can be extracted completely with ether from a weakly alkaline 
solution, it was observed that much oestrogenic material was not so 
extracted at this stage of the process, and an investigation of the more 
acidic material retained by the alkali led to the isolation of the hormone 
hydrate. The difference in the acidic strength of the two phenols is suf- 


« nad-Andmsn and Julor, Ada Mti. Sand., B4,211 (IBM). 

* v Euler A nil Zondek, Riochrm Z , 271,04 (1934); v. Rular, BuntrOm and Malmborg. 4rfcw Kmi, 
Mtn ml. Oral , UB, No 3B (1934) 

4T Mvrinn, Bioehom 24,433 (1430). 

« Tdm, ibid., 24,1021 (1030). 

«• Butenandt, Z. physiol. Chm., 101, HO (1930). 

■■ Butenandt and Hfldabmndt, tftid., 109,243 (1031). 

* Marrian and Hadewood, Biochem. 26,23 (1932). 

* Doiay, Thayer. Levin and Curtii. Proc. Soo. JSvptl. BM. and Mrd., 23,38 (1D30); Doisy and Thayer 
/. BM. Chm., 01,641 (1981): Thayer, Levin and Doiay, tUd., 01,665 (1931). 
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ficiently great to permit a nearly quantitative separation.** OeBtriol 
alone is extracted by O.IN sodium hydroxide solution from an ethereal 
solution of the mixture, and oestrone then can be extracted with IN alkali. 
The method of Doisy yields about 0.3 mg. of oestrone and 1.3 mg. of 
oestriol per liter of human pregnancy urinc. M 

The most generally accepted name for the follicular hormone hydrate 
is “oestriol” (Adam, ft ai. aT ), but the substance is known also as “thcelol” 
(Doisy) and as “Marrian crystals.” Oestriol iB not easily separated 
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Dissociation 
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. 

Phyhiol. 
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Triacetate, 
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1 
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75,000 

i— 

to 

I 

159° 


from traces of oestrone by crystallization, but the ketonic substance is 
easily removed as the sparingly soluble Bcmicarhazone, 55 and samples so 
purified Bhow a constant bio-assay. The oestrogenic potency of the 
hydrate is only about one one-hundredtli that of the ketonic hormone, 
and its action is somewhat protracted. It is possible that the physio¬ 
logical activity is manifested only after the substanre has been partially 
converted into the more active hormone by dehydration in the organism, 
but there is no evidence in support of tliiB virw and it docs not appear 
\ery plausible. The triacetate is about 10 limes as artive as oestriol. 
In contrast to oestrone, which hnR little power to penetrate the intestinal 
walls, oestriol is only 2-3 times less artive by the digestive route than 
when injected. 

Other Oestrogenic Hormones. Girard and his collaborators 5 * at 
Paris isolated from thp urine of pregnant marcs the interesting scries of 
unBaturated hydroxy ketones whose properties are recorded in the table, 
page 202. Making use of the special ketone-reagent (page 197), 
the bulk of the oestrogenic material from some 52,000 kg. of urine was 
collected and carefully fractionated by distribution methods and crys¬ 
tallisations. Particular use was made of the optical activity of the frac¬ 
tions in conducting the purification of the three new compounds. The 
isomers equilin and hippulin contain two atoms of hydrogen less than 


■ B. L. Cohen end Uirrian, Biatkm. J„ 2B, ISOS (1034). 
n Doigy and Thayer, J. Biol. Chon i., 91, 641 (1031). 

■ Butpnandt and Btfcrmrr, Z. physwl Ghent , 208,120 (1032); St firmer, Dissertation, Gottingen (1928). 

■ Girard, Sanduleeoo, Fridmuon and Rutger*, Tampl md., 194, 000 (1982); Gimrd, Sandulmco, 
Frldenmn, Onudefrny and Rulgera, ibid., 194. 1020 (1932); Gurard, Rundulevo and Rutgen, Aid., 199, 
001^1932); Handubwo, Trhung and Gimrd, ibid., 196, 137 (1033); Giriird, BvB. nr dm Wei., IS, 662 
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Hormones from Mabb Urine 


Physiol. 

_ . , „ , w , v r i activity Double 

Substance Fonnula M p. (corr.) l«Jn (approx.), bonds 

m.u. 


Equilin . C 1R H 2n 0 2 238-240° 4 308“ 1,300,0008’ 4 

Hippulin . C 18 H 20 O 2 233° 4-128“ M00,000 4 


Equilenin. C 1R H 1B 0 2 258-250“ 4- 87“ 500,000 5 

oestrone and they possess one alicyclic double bond in addition to those 
present in a benzene nucleus, for each substance absorbs one mole of bro¬ 
mine. Equilenin has the properties of a naphthalene derivative (see 
formula) and it forms a very characteristic and stable picrate by means 



Equilcmu 


of which the separation from oestrone and the other hormones is easily 
accomplished. Oestrone forms an easily dissociable semi-pierate. The 
structure of equilenin has been established by degradations which will be 
described in a later section. 

Girard developed a sensitive colorimetrie test for the ketonic nnphthol 
based upon the conversion of the hormone into an amorphous red material 
when it is heated in the presence of air. All samples of oestrone from 
mare’s urine were found to contain traces of equilenin, but no equilenin 
has been detected in human urine. The substance appears in mare's urine 
only after about the 175th day of pregnancy, and it becomes very abun¬ 
dant during the last months of the period of burden. As the amount of 
excreted equilenin increases the quantity of oestrone in the urine shows 
a considerable decrease. The relationship is very interesting, for it sug¬ 
gests that, as pregnancy progresses, oestrone is partially dehydrogenated 
in the animal organism to the less active equilenin. 

Pregnanediol. Searching for the follicular hormone, Marrian r>N in 
1029 isolated a substance melting at 233-235° and possessing no nestro- 

* More recently David and dr Jongh \Bioehem t 29, 371 (1035)] found Tor wmilin an activity n*ie- 
third greater than that of oestrone by the spayed ret method, while with spayed mice Dirsrhrri and llanunrh 
[z. phytinl. CJbm., 239,13 (1935)] nnled equal activities Cartlanri and R K Mover [ J. Biol Chm., 112, 
9 (1935)] found equilin 76% as active (spayed rats) as oeslmnr when the solution injected rontalm-d 0 5% 
of sodium carbonate and only 30% as active when the eoda was omitted. 

■ Marrian, BineAem. J., 23,1090 (1929). 
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genic activity. Butenandt u had observed this inactive companion sub¬ 
stance at about the same time and soon published an account of the chemi¬ 
cal characterisation made possible by the accumulation of nearly 2 g. 
of the material from the residues remaining from the extraction of ocstrone 
from 1000-2000 liters of urine. As Marrian had suspected, the substance 
contains more carbon atoms than the follicular hormone and the formula 
is CjjHjnOj. By the observation that the primary oxidation product is 
a diketone, Butenandt established the presence of two secondary alcoholic 
groups, and the name which he adopted for the substance incorporates 
this feature of the structure. Frcgnanediol proved to be a completely 
saturated substance and the composition indicated the presence of four 
hydrogenated rings in the molecule. This suggested a relationship to the 
bile acidB, and another striking resemblance was found in the further oxi¬ 
dation of the diketonc for, just ns a bile arid yields a bilianic acid by 
the opening of one of the rings, prcgnancdione gave a ketodicarboxylic 
acid. This located one of the two original oxygen atoms in a hydrogenated 
ring, and the other was found to be in the side chain, — CH(OH)CH a , by 
(lie observation that pregnanediol, prcgnancdione, and the ketodicarbox- 
ylie arid all give positive iodoform reactions. 

With this information, and on the assumption of a biogenetic relation¬ 
ship to sterols and bile acids, Rutrnandt suggested as a working hypothesis 
a structural formula based on the cholane formula accepted at the time 
(1930), and in the following year M he proceeded to prove the correctness 
of these inferences. His formulation requires no more than translation 
in terms of the modern rholane structure (I-III). Like litbobilianic 
aeid, the ketodicarboxylic acid (ITT) v as found to lose carbon dioxide on 



pyrolysis and form a diketone, indicating that the nuclear hydroxyl group 
is located in a six-membered ring. This further similarity to the reac¬ 
tions of the bile acids was so suggestive that when it waB found that 
pregnanedione can be reduced by the Clemmenscn method to a saturated 
hydrocarbon, pregnane, it seemed reasonable to attack the problem from 
the other direction and to investigate the possibility of obtaining preg- 

• Butenandt, Bar, AS, ISA (lRBol. 

••Mm, IM..A4.28X0 (IBID. 
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nine from a sterol or bile acid. Granting the assumed relationship to be 
correct, it was not known whether pregnane belongs to the olio-series 
along with cholestano and aiiooholanio acid, or to the scries of coprostane 
and cholanic acid, but Wieland's classical work on the degradation of the 
side chain of cholanic acid provided such a convenient approach to one 
of the ethylaetiocholancs that this sericB was investigated first. Wieland’s 




9H, 



Aetinrholyl 
methyl ketone 



(17-EthylHetiorholnne) 


bisuorcholanic acid (IVJ was converted through the diphenyl carbinol 
to an unsaturnted hydrocarbon, (V), and this yielded a methyl ketone 
(VI) and benzophenone on ozonizntion. Reduction o[ the ketone by the 
Clenuuenscn method gave an ethylactiorholanr, and a sufficient quantity 
of the hydrocarbon (VII) was obtained (30 mg. from 46 g. of cholic acid) 
to permit a careful comparison with pregnane. In physical properties 
and in optical activity the substances were identical. The Buspected rela¬ 
tionship was proved definitely, and the structure of pregnanodiol was 
established in every point except with regard to the exart location of 
the nuclear hydroxyl group. A proof of the latter point was obtained 
in later work. 

Pregnnnediol lias been found only in human pregnancy urine and it 
does not appear to be excreted by the non-pregnant female or by the preg¬ 
nant mare. Both the occurrence and the close structural relationship 
to the active sex hormones suggest that the inactive alcohol may repre¬ 
sent an intermediate stage in the degradation of sterols or bile acids in 
the organism to the hormones, or else that it arises in a closely related 
degradative process. The fact that the substance belongs to the stereo¬ 
chemical series of coprosterol seemed to provide a clue to the exact bio- 



Ilf ACTIVE COMPANIONS 
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genetic relationships until Hartmann and Locher n discovered the pres¬ 
ence of the stereoisomer, affopregnanediol, in pregnancy urine. The two 
inactive alcohols occur together in the neutral fraction which remains 
after the extraction of ocstronc with alkali. The configuration (choles- 
tane series) was established by comparison of the diketone obtained on 
oxidation with a substance which haB been fully characterized in the 
course of the work on the corpus luteum hormone. 

Still another saturated alcohol has been isolated from tho urine of 
pregnant marcs by Haslcwood, Marrian and Smith, 1 * and the properties 
of the new substance arc recorded in the accompanying table. The com¬ 
pound contains one hydroxyl group more than the other inactive com¬ 
pounds and it probably is a trihydroxy derivative of pregnane or of allo- 
pregnane. The location of the extra hydroxyl group iB a matter of con¬ 
siderable interest, for this may reveal the identity of the precursor of the 
substance and its place in the series of metabolic changes. 


Inactive Ai.ronoLfl 


Com pound 

Formula 

M p 

Wn 

£ 

£ «■ 

< B 

i 

Arefnle, 

[■In 

Pirfcnanediol .. .. 

C lx B t fi s 

235° 

.. 

1R3" 

4 355" 

Alio prppmnrdiol. . 

C !1 H <i 0 .* 

248° 

. . . 

142" 

+ 185" 

Saturated alcohol... 


301“ 

-44° 

108“ 

... 


There have been some reports of the isolation from fat-Rolublc frac¬ 
tions of urine of compounds not related to the hormones. Marrian and 
Beall n obtained from ether-soluble phenolic fractions front the urine of 
marcs and of stallions a non-oestrogenic substance equol (C,,H 14 0,), 
which they consider to be a chromane or eoumarane. Hart and Northup M 
isolated and identified heptarosane, C 27 H„,, from aged pregnancy urine, 
: nd they obtained some evidence of the presence of pcntacosone. The 
hydrocarbons were obtained by adsorption on fuller’s earth. No similar 
compounds were found in male urine or in non-pregnant female urine 
The Structure of Oestrone. Butenandt’s brilliant work on pregnane- 
iliol was of no immediate assistance in determining the structures of the 
physiologically active hormones because no chemical relationship between 
these substances and the inactive prcgnnnediol had been established at 
the time when the chemical investigation of oestrone became the subject 
of active inquiry. Indeed the opinion was rather generally held that no 

n Hartmann and Lochir, (If It Chvn. Arbi, 18,100 (IW) 
n IT tale wood, Mamin anil I] R Mmtlh, B\oth*m J , 28, 1318 (1*134) 

» Marrian mid Brail, ibid . 20,18*10 <1 D R5) 

• ‘Hart and Northup, J. Am Chm Snr , 57, 2730 (1035) 
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such connection existed, and work on the hormone was undertaken as a 
separate problem. Ab in the case of other phenanthrenc derivatives, 
notably retene, the combustion of oestrone presented particular difficul¬ 
ties, but reliable analyses of the substance itself and of various derivatives 
eventually were achieved by both the German 8,1 and the American' 1 
investigators, and the results indicated clearly the cmpirirnl formula 
C ]R H. t 0 2 . One oxygen atom was recognized as ketonie by the prepara¬ 
tion of an oxime (Butenandt), the other was characterized as constitut¬ 
ing a weakly acidic phrnnlir group (Butenandt, Doisy, Marrian), and it 
was soon generally agreed that the hormone is a hydroxy ketone contain¬ 
ing one benzenoid ring. Early in 1932, Bernal, 07 whose work on the ster¬ 
ols had furnished the inspiration for the drnBtic revision of the old cholane 
formula, reported the results of an X-ray and crystallographic study of 
the hormone which attracted considerable attention Bernal noted that 
the molecules do not form a double Inver structure, as in the rase of the 
long-ehnin alcohols having a polar group at but one end of the molecule, 
and he correctly ronrludcd that the hormone consists of a long molerule 
with the hydroxyl at one end and the rarhonvl group at the other. 

The preliminary calculations of the molecular dimensions, on the 
other hnnd, unfortunately were in error, for they indicated that oestrone 
probably contained as the fundamental clement a three-ring, rather than 
a four-ring nucleus. Instead of a perhydroryclopentennphennnthrenc, 
or sterol-like, ring Bystem, a reduced phenanthrenc nucleus was indicated. 
Prcgnanediol was declared by Bernal to be similar to the sterols and 
entirely unlike oestrone. Studies by AdAm and Danielli" of the mono- 
molceulnr films formed bv some of the hormone derivatives pointed in 
the same direction, although the distinction between the alternate ring 
systems was less definite The composition of the honnone was such as 
to indicate cither a four-ring system with one benzenoid nucleus, or a 
three-ring system with one benzene ring and one additional double bond, 
and the latter hypothesis, given prominence by Bernal’s preliminary 
analysis of the X-ray data, appeared to offer a ready interpretation for 
Borne of Butenandt’s early observations."* Doisy" thought that an 
ethylenic double bond was indicated by the ready reaction of oestrone 
with bromine, hut Marrian and Haslewood 70 soon showed that the snb- 
stance formed is not an addition product but simply a product of sub¬ 
stitution in the phenolic ring. 

■ Butenandt, 7 ph^iol Chrm , 101, WO (10 W) Butenandt and Hildebrandt, ibid , 100, 243 (1031) 

■ Thnyer, Levin and Dnn\, J Biol Cfirm , 91,791 (1031) 

17 Bernal, Chemistry nnd Tndnstrv, 51, 250 (1 'Ml!) 

“ Ad'im, DhiiipIIi, litmlewnod and M imnn, ibid , 51, 2.10 (1032); Rwhrm J , 26, 1233 (1932) flee 
a] no Damrlli, Mamin tnd Hndpwixxl, ibid , 27, 311 (1033) 

19 llutenandt, Ptfirmw and U Weitphnl, Z phywl Chtm , 208, UD (1032). 

19 Mam an and Basie wood, Lancat, Aug 6 (1032), J 8oe Chm Ind , 51,277T (1032) 
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In order to settle the question of the degree of saturation of the hor¬ 
mone molecule, Butcnandt undertook a study of the catalytic hydrogena¬ 
tion and the molecular refraction of oestronc, 71 and in the autumn of 
1032 he reported results 72 which pointed clearly to the presence of only 
three double bonds. This left as the only possibility a four-ring system, 
and the suggestion of a structural similarity to the sterols and to preg- 
nanediol led Butcnandt to visualize the structure which is now known 
to be correct. The polar groups were placed at opposite ends of the mole¬ 
cule, following Bernal’s evidence, the hydroxyl group was assumed to 
occupy the same position as in cholesterol or lithocholic acid, and the 
kctonic oxygen atom was located at tho position corresponding to the 
point of attachment of the Bide chains of the sterols and the bile acids. 
Essentially the same formula wa* advanced independently by Marrian 
and Haslewood™ and it was uni long before the deductions were shown 
to be correct. 

A route to a successful degradation was opened by the independent 
observations of Marrian and ITasIewood 73 and of the Doisy group 74 
concerning the action of fused alkali on oestriol. whose relationship to 
ocslrone had been established by liutenandt’s conversion of the one sub¬ 
stance into the other. The fusion product was a phenol dirarboxylic acid 
having all of the original carbon atom's, and it was inferred thnt the 
two alcoholic groups of ochtrinl occupy adjacent positions and that the 
ring is cleaved between these two positions. The dibasic acid forms an 


OH 


pi/r 


V * 

OcHtllul 



J !1 I »COiH 

[ I * V 0 * 

. X 1 —CH, 

.» J 

CijHuOi 


anhydride and not a ketone when heated with acetic anhydride and, in 
view of the evidence that the original ring is at the end of the molecule, 
this can be token as an indication of a five-membered ring in the hormone 
structure. 

In 1933 Butcnandt 75 carried the degradation two steps further. The 
phenol dicarboxylic acid was subjected to dehydrogenation with selenium 
and there was formed, in a particularly smooth reaction, a dimethyl- 
phenanthrol. Distillation with zinc dust yielded 1,2-dimethylphenan- 


71 For the final multi, see Riibenandt and U Wpstphal, Z phyaiol Chrm , 223, 147 (1034). 
” Butcnandt, Nature 130,238 (1932), Z nngtw Chen , 45, 6.1ft (1932) 
n Marrian and llmlpwood, J Bor. Chem Imd 51,277T (1032) 

M MaoCoiquodale, Thayer and Timor, /. BuA Chen , 09, 327 (1933) 

11 Butemuidt, Woidlich and H Thompson, Btr , M, 601 (1U33) 
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thrcnc, a previously unknown hydrocarbon whicli was synthesised for 
comparison from naphthalene and methyl succinic anhydride by the gen¬ 
eral method developed by Haworth (page 71). This proved conclusively 
the presence in the original hormone of three six-membered rings (A, B, 
and C) in the phenanthrene arrangement, and, since a further, five-mem- 
bered ring was already established, the relation to the sterol structure 
was clearly indicated. A confirmation of this conclusion was found in 
the isolation of the identical dimcthylphcnanthrenc from the dehydro¬ 
genation of aetiobilianic acid, a reaction discussed in the preceding chap¬ 
ter. Since one of the methyl groups of the dimethylphenanthrol obviously 
arises from the decarboxylation of the ncetic acid residue of the phenol 
dicarboxylic acid, the original five-ring must be joined to ring C at cither 
C,j or C 14 . Some evidence tlmt the fivc-mrmbcred ring is attached to 
both of these positions and that the angular methyl group i*. located at 
C t , was afforded by the observation T# that oostrone yields a small amoun 
of chrysene when distilled over zinc du^t. Because of the regularity wit i 


v A 

I 

l 

Chiysenc 

which this type of ring enlargement hns been observed in the sterol and 
bile acid series, some reliance can be placed in this otherwise dubious 
evidence. A still more certain indication that the fivc-membered ring is 
in the Bame position as in the sterols was furnished by the observation of 
Danielli 77 that the value found for the cross-sectional area of the hor¬ 
mone molecule by uniraolecular film measurements 78 agrees closely with 
the minimal area calculated for a structure of the sterol type but not 
with the calculated areas for other possible structures. The experimental 
value is 34 sq. A, with a possible error not greater than 2 sq. A; the cal¬ 
culated minimal area is 33 sq. A. 

n Butenandt and H Thompson, Bur, 67, 140 (1934) 
n Danielli, J An Ch*m. Soe , 56,740 (1034V 
n Danielli, Marram and flwlewood, Bioehm J , 27, 311 (1033). 
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The location of the hydroxyl group, and consequently the positions 
of the three bensenoid double bonds which confer upon it phenolio acidity, 
could only be inferred on biogenetic grounds until a proof was forthcoming 
in 1934 from the laboratories of Haworth and of Cook. Haworth 7 * 
worked out a synthesis of l,2-dimethyl-7-methoxyphcnanthrene for com¬ 
parison with the methyl ether of Butenandt’s degradation product. An 
unusual orientation in the Fricdel and Crafts reaction furnished a suit¬ 
able starting material, I. In brominating the ketone a second bromine 



atom entered the nucleus, but this was eliminated later by hydrogenation. 
A malomc ester condensation followed by hydrolysis afforded the acid III, 
and a Grignard reaction with the ester of III provided a means of acquir¬ 
ing the Bcrond methyl group desired. Hydrogenation to V, followed by 
ring closure through the acid chloride (with stannic chloride), reduction 
and dehydrogenation with selenium gave the desired product VI. A 
direct comparison established the identity with Buteuandt'B material, 
proving the loration of the hydroxyl group and of the unsaturated ring in 
oestrone. 

Cohen, Cook, Hewett and Girard 80 carried the evidence a step further, 
for they succeeded in synthesizing a substance not only having a hydroxyl 
group in the correct position in the phenantlirene nucleus, but containing 

» n D Haworth ud Hhddrick, J Chent. 8k , SM (1014) 

* A Cohen, Cook, Howott and Girard, ilnd , 853 (1934) 
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also the five-membcicd ring of the hormone The most difficult task was 
that of obtaining the desired heteronuclear diaubstituted naphthalene 
derivative VII for use in the Perlman-Davidson-Bogert synthesis, but a 
method was developed for the preparation of the substance from 0-naph- 
thylaminc through the following sequence of reactions. 



The Gngnaid reagent obtained through the chlonde of the alcohol (VII) 
was condensed with 2-mcth^leyelopentanonc, affording, aftd dehydration 
of the resulting cnrtnnol, the unsaturated substance VIII The puipose of 



the methyl group was to hinder the foimation of isomeiic spuans in the 
tychzation of VIII, and the gioup in question was eliminated easily in the 
dehydrogenation of IX The synthetic route was a long one and 900 g of 
0-naphthyl amine yielded only 036 g of the desired 7-methoxy-l,2-cyclo- 
pentenophenanthrene, X, but this substance was found to be identical with 
the material obtained from oestrone by methylation, reduction by the 



Oertrone methyl ether 



WAQNER-MJlERWEIN REARRANGEMENTS ill 

Wolff-Kighner method) and dehydrogenation. 81 The same substance (X) 
wab obtained by a similar degradation of equilenin, proving the corre- 
spondcnce of the ring system and of the hydroxyl group of this hormone 
with the oestrone molecule. 

With the object of defining the position of the carbonyl group in ocs- 
trone, Cohen, Cook and Ilewett 82 submitted its methyl ether to reaction 
with methyl magnesium iodide, dehydrated the resulting carbinol, hydro¬ 
genated the ethylenic linkage thus produced, and dehydrogenated the satu¬ 
rated product with selenium. It was expected that the methyl group intro¬ 
duced in the Grignard reaction would appear in the product of dehydroge¬ 
nation at a position corresponding to that of the original carbonyl gioup, 
but the substance was not identical with the 1'-, the 2'-, or the 3'-methyl 
derivative of 7-methoxy-l^-cyclopcntcnophcnanthrene, all which were 
prepared synthetically for comparison. Instead, the compound was found to 
be identical with synthetic 7-methoxy-3',3'-dimethyl-l,2-cyclopentcno- 
phenanthrene (XI IT), and it was concluded that a molecular rearrangement 
occurs in the course of the dehydration oi the carbinol (XI). According 



to formula XI the Grignard product contains a carbinol group adjacent to 
a quaternary carbon atom (C n ) and consequently it is of a type with 
which dehydration is attended by group migration Evidently the angu¬ 
lar methyl group at C 18 migrates in the course of the dehydration to 
position 17 in the five-membered ring. A proof of the correctness of this 
interpretation was secured by the observation that a methyl migration 
also occurs in the dehydration of the phenolic methyl ether of dihydro 
oestrone, XIV, which also has a carbinol group joined to a quaternary 
carbon atom. The dehydration product, XV (or a bond-isomcr), yields 
7-methoxy-3 , -methyl-1,2-cyclopentenophenanthrene (XVI) on dehydro- 

n Cook ud Girnrdp Nature, 133,377 (1934) 

■ A Cohen, Cook end Hewefcfe, / Ch*m. Sot, 445 tW&) 



213 


HEX HORMONES 



genation. The methyl group appearing at position 3' in the final product 
is the angular methyl group of the original oestrone molecule, and the 
transformations supply a rigid proof that this is located at C ia and that 
the keto group occupies the 17-position. Since the structures of the 
dehydrogenation products XIII and XVI arc fixed by synthesis, and since 
in the case of XIII the possibility of a rearrangement in the treatment 
with selenium was excluded by the hydrogenation of XII prior to this 
treatment, no other formulations are consisteut with the experimental 
facts. 

This work of the English investigators completes the evidence regard¬ 
ing the structure of oestrone. Two of the hormones isolated by Girard 
from marc’s urine were also characterized further in the investigation of 
Cohen, Cook and llewett, both equilenin and oquilm being converted by 
the above methods into 7-inclhoxy-3',3'-diinethyl-l,2-cyclopentenophen- 
anthrenc. This establishes the nature of the ring system and the location 
of the hydroxyl, methyl, and carbonyl groups, as with oestrone, and in the 
case of equilenin the new evidence, coupled with the observation that the 
molecule contains a naphthalene nucleus (picratc formation), completely 
proves the structure of the hormone. King C clearly cannot be one of the 
two, connected aroiuatio rings because of the presence of the angular 
methyl group at Cui and no structure is possible other than that indicated 
in formula XVII. 




Equilin contains one aromatic ring and one additional nuclear double 
bond. Dirscherl“ attempted to hydrogenate this double bond, with the 
expectation of obtaining oestrone or a stereoisomer, but found that the 
catalyst exerted a dehydrogenating action even in the presence of hydro¬ 
gen. By heating equilin with palladium black at 80°, he was able to 


■ Dlnchrrl and Iluusrh, Z. phvttol Chtm , US, 13 (1933), 2M, 131 (1B8S); DirwhrH. Z. mgm 
Chtm, 43,309 (19831. 
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transform the hormone into a pure substance identical with equilenin. 
The tendency to undergo dehydrogenation indicates that the double bond 
is in the ring (B) adjacent to the aromatic ring (A), and Diroherl noted 
that the resistance of the bond to hydrogenation favors the location C,-C ( 



Equilin 

(as in apoeholic acid, pngc 132). He obseived on (he other hund that the 
ultraviolet absorption curve of ripiilin is almost identical with that of 
ocstrone, whereas a considerable difference would be expected if the 
ethylenic linkage were in a position of conjugation, as in XVllln. This 
evidence, which Cook and Roc 84 regard as conclusive, favors the formu¬ 
lation XVIIlb. 

Oestradiol and Other Derivatives of Oestrone. Of the oestrogenic 
substances isolated from nntural source® before 1935, oestrone was found 
to be the most potent in the Allen-Doisv test. It was discovered, however, 
at a fairly early date that the hormone is surpassed in activity by certain 
substances which can be obtained from it by chemical transformations. 
The most interesting and important derivative is the dihvdro compound 
oestradiol, which Schwenk and Hildcbrandt 83 first prepared in a some¬ 
what impure condition (m p Hi8-170°) by the reduction of oestrone at the 
carbonyl group. A stercoisonieridc was ®uid to ai company the main reac¬ 
tion produrt Apparently there is considerable variation in the results 
of assay depending upon the details of the test method employed, for 
oeBtrudiol lms been reported to he from two 83 to five 87 times as active 
as oestrone Girard, Sandulesco and Fridcnson 88 obtained the same sub¬ 
stance (in p 174-175°, corr.) a« the sole product of reduction with sodium 
and alcohol or by hydrogenation, 80 and according to a patent claim 30 
oestradiol can be prepared by heating oestrone with cvclohexanol at 200° 
in the presence of a nickel catalyst. 

Because of its high potency in comparison with any of the hormones 

■ Cook ird Ron, Chtmuiry and Tnduttru, 54. 501 (103.') 

■ flchwenk mill Hildrbrindt, tfolitrwiMfn rhn/ien, 21,177 (1H3) 

■David, Ada Breita Norland ,, 3, 160 (103.1), David, de longh and IjiquiMir, Aidk infftn phnr- 
m leodynaiitae, 51,117 (in 15) 

17 Srhoellrr, Dohrm and Hohlwog, Khn WocKsthr , 14, SJfl (1035) 

M Girard, Sindnfaco and Fnd**Mon, Compt md wc tool , 112,064 (1033). 

11 Thw inwntiRnton did not obwvc any apprariablp inmiw in ootivity, prauihly bpcauM of a 
diffaronco in tint UH'bmque of anay 

H Bchenni-Kahlbaum 4 -G , Bnt patent 420,747 (1035) 
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obtainable from urinary extracts, oestradiol has attracted considerable 
attention as a possible therapeutio agent, and the phenolic benzoate is 
regarded as a particularly valuable substance for clinical use. Studies 
of the physiological properties of various derivatives of oestrone had 
shown that the esters are characterized by a protracted and persistent 
action, and the some is true of the corresponding dihydro derivatives. A 



given effect can be produced with one large dose of oeBtrone benzoate, 
whereas with the hormone itself several injections of small doBes would be 
required. Oestradiol monobenzoate, a substance which combines the high 
oestrogenic activity of the diol with the desirable properties of the esters, 
has been introduced into therapy under the name “Progynon B oleosum” 
(Butenandt). 

The realization that oestrone is not as active, physiologically, as itB 
dihydro derivative led workers in the field to suspect that even the most 
potont of the substances excreted in the urine may not be the true follic¬ 
ular hormone responsible for normal physiological changes in the body. 
The investigation of the constituents of ovarian tissue presented many 
difficulties, but in 1935 Iloisy and co-workers M completed the working of 
one and one-half tons of hog ovaries and reported the isolation of a 
minute quantity of an active substance aB the m-broraobenzoyl derivative. 
On hydrolysis there was obtained a substance, m.p. 170-171°, which was 
found to be from four to eight times as potent as oestrone in adult cas¬ 
trate rats. A comparison with oestradiol proved the identity of the hor¬ 
mone with this compound. According to Doicy’s assays, the greater part 
of oestrogenic activity of ovarian extracts is due to oestradiol, and con¬ 
sequently this substance is probably a genuine hormone of the body and 
the principal oestrus-producing agent of follicular fluid. Oestrone and 
the other oestrogenic substances excreted in the urine of femaleB and 
males alike, now appear to be secondary products of minor importance 
to the organism, however great has been their value in advancing the 
problem and in therapy. The discovery of the principal ovarian follic¬ 
ular hormone followed a course which is remarkable and unique. Oestra- 
diol was known, its structure had been established, and therapeutic uses 


* Dolly, MaoCarquodaie and Thayer, Wctklv Bvil 8t, Louis Mod. Soc , 2P, 485 (1B35); MaoCorquo- 
dalr, Thayer and Dolsy, Froe She. Bzptl. Bwl- Moi n 52,1182 (1088). 
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of the pure Bubstance had been secured by patentSi even before the diffi¬ 
cult task of isolation from natural sources had been accomplished. 

There have been some further reports of an increase in the physio¬ 
logical activity of urinary hormones following chemical modification of 
the structures. In analogy with oestradiol, David" found that the diols 
obtained by the reduction of equilin and oquilenin are approximately 
twice as active, and three times bb active, respectively, as the hydroxy- 
ketones. Although the drastic modification of the oestronc structure 
resulting from the oxidative opening of the five-membered ring mi ght be 
expected to destroy the special physiological activity, DoiBy and co- 
workers 91 discovered certain oxidation products of the phenolic methyl 
ether of oestriol which are reported to be considerably more active than 
pure oestrone (7-8 fold increase!). 

Oestrogenic substances have been used in therapy 94 chiefly in the 
treatment of menopausal vasomotor symptoms, amenorrhea, and gonor¬ 
rheal vaginitis (in children). The most ronvenient method of adminis¬ 
tration is by mouth, although the amount of material required is several 
times the effective hypodermic dosage. At present, however, the oestro¬ 
genic preparations arc too expensive to he generally employed in this 
way, and the applications have been limited. Opinions still differ regard¬ 
ing the advisability of some of the clinical*uses of hormone preparations, 
and the possible dangers have not been fully explored. 

Synthetic Substances Possessing Oestrogenic Activity. It is evident 
from the foregoing discussion that the hormone molecule is subject to con¬ 
siderable modification without loss of the ability to produce the oestrous 
response, and that in some cases the activity is increased. The charac¬ 
teristic physiological property is also shared to a greater or less degree 
by the three substances of the equilin group isolated by Girard, and by 
oestriol. There iB some possibility that all of these substances suffer 
transformation into oestrone in the course of the tests and that their vary¬ 
ing degree of potency is due to differences in the ease of conversion, but 
the weight of evidence favors the view that oestrogenic activity is not 
entirely specific. The moBt cogent argument is that substances of widely 
differing structural types have been found capable of inducing the changes 
characteristic of the oestrouB state. 

Even before the structure of oestrone had been completely established, 
and at a time when it was known with certainty only that the oestrus- 
producing hormone is a hydroxy ketone containing a reduced phenan- 

* David, Acta Brarw Neerland , 4, 08 (19841 

■ MaoCnrquodiilr, Levin, Thayer and Dufay, J Bud P&rw , 101, 758 fl083) 

* Novak, /. Am. hfsd Assoc a, 104, 1815 (1985); C. Kaulmann, Dtut mad Wochtchr , 61, Ml 
(1985). 
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threne nucleus, Cook and Dodds n * commenced an investigation of the 
possible oestrus-activity of synthetic compounds bearing some points of 
similarity in structure to the natural hormone. The discovery was soon 
made that the oestrogenic activity is amazingly unspecific and that the 
complicated oestrous change can be induced by a whole host of substances 
bearing little resemblance to the hormone. One of the simplest of these, 
1-kctotetrnhydrophenanthrcne (T), produces the full oestrouB response 



including uterine changes when a 100 mg. dose is administered in a single 
injection to a castrated rat. The action is «omcw)iut protracted, but the 
oestrus is of very prolonged duration. The isomeric 4-kctotctrahydro- 
phenantlirenc is inactive and the n-hutyl carbinol II is loss active than 
the parent ketone (I). 1 jZ-Cyclupcntenojihenanthrenc shows no activity. 
Several diols of the type III, obtained by the action of the Grignnnl 
reagent on 1,2,5,6-dibcnzanthraquinone, are also active, and there is an 
interesting variation in the series witli change in the molecular weight. 
The dimethyl compound is inactive in a 100 mg. dosage, the diethyl com¬ 
pound produces oestrus in doses of 1 mg., the di-n-propyl derivative is 
active in as small amounts as 0 025 mg. The lengthening of the side 
chains beyond this point results m a drop in the activity, Ihc effective 
dose for the di-n-butyl compound being 0.1 mg. The di-w-amyl com¬ 
pound is inactive. The synthetic di-n-propyl diol is considerably more 
potent, than oestriol although it falls far short of the activity of oestrone. 

Another comparison between the synthetic substances and the natural 
hormone has been made with the use of capons. 00 The subcutaneous 
injection of oestrone in large doses into the birds caused the plumage to 
change from male to female, and the same results were obtained with 
1-kctotetrahydrophcnanthrene and with di-n-butyl-dihydroxy-dihydru- 
1,2,5,6-dibenzanthraccne. 

Compounds I, II, and III, listed above, all contain the plienanthreno 
nucleus, but this feature does not appear to be essential for oestrogenic 
activity for the ketone IV, containing a reduced anthracene grouping, 

ft Cook, Dodd* and Ilnwtft, Vf turf, 131,116 (1033); Took and Dodds, ib id , 131, 206 (1033); Cook. 
Doddf, ITewctt anil Lawnu, Pror Ron Hot , (London), B114,2T2 (1034) 

« Cook, Dodd* and Oreenwood, ibid., RIM, 280 (1934) 
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shown some pro-outrun activity. Mont of the sterols were found to be 
inactive, but some of the more unsaturutcd members of the series gave 
positive tests. This was true of crgostcrol and vitamin D a . NencrgOB- 
terol (V) which contains one aromatic ring and one double bond in the 
side chain, was the most oestrogenieally active member of the group. 
From these and other observations, Cook and Dodds concluded that a 
certain degree of unsaturation n* necessary and that the presence of an 
oxygen atom in the molecule, although not essential, usually iR required 
for the attainment of the greatest potency 

A few hydrocarbons were found to possess at least weak oestrogenic 
activity and if is most interesting that the 1M includes the two carcino¬ 
genic compounds 1,2-benspyrenc and S^-cyrlopcntcno-lJZ-henzanthra- 
cene. Although the hydrocarbons are active only in large (100 mg.) 
doses, they produce the full oestrous re^pnn^e in a certain proportion of 
the animals tested. The striking observation that these substances arc 
both carcinogenic anil oestrogenic raises the question of a possible con¬ 
nection between the phenomena of orstru* and malignancy. It is per¬ 
haps suggestive that the cellular proliferation characteristic of the ues- 
Irous state bears at least a superficial resemblance to the early prolifera¬ 
tive Btages of carcinoma. 

Oestrogenic Hormones and the Cancer Problem. That the female 
sex hormones may be connected either directly or indirectly with the 
initiation of certain forms of malignant growth has been suggested by the 
results of investigations of the incidence of cancer in mice in relationship 
to oestrogenic substances. Notable contributions to the problem were 
mado by Leo Loeb and his collaborators 07 long before the development 
of the chemistry of the hormones. In breeding experiments (1907-1919) 
Loeb found that different strains of mice ran be developed in each of 
which the rate of incidence of spontaneous mammary cancer is approxi¬ 
mately constant while from strain to strain it varies from nearly 0% to 
almost 100%. In some strains practically none of the mice develop 
tumors, while in others nearly all of the females are subject to cancer of 
the breast, the most frequent form of tumor fount! in this species. Males, 
even of high cancer rate strains, usually do not develop mammary tumors. 
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The cancer rate remains approximately constant in successive generations, 
and both the incidence of cancer and the age at which tumors appear are 
characteristic of each strain. A knowledge of these characteristics pro¬ 
vides a basis for the investigation of the influence of other factors. 

Using female mice of known high-incidence strains, Loeb found that 
removal of the ovaries at the nge of 3-4 months led to a marked decrease 
in the incidence of cancer. Castration at a sufficiently early period 
reduced the cancer rate definitely to zero. Extirpation of the ovaries at 
later periods was less effective, and when performed at the age of 8-10 
months the cancer rate wob practically the same as with the untreated 
animals, although cancer appeared at a later age than in the non-castrated 
mice. These and other results strongly suggested that ovarian hormones, 
acting in cooperation with hereditary factors, influence the transforma¬ 
tion of normal tissue of the mammary gland into cancerous tissue. 

Seeking confirmation of this view, Locb attempted to induce cancer 
formation by transplanting ovnrie« of female mice into spaved male* 
belonging to high cancer ralr strains, but with negative results. More 
successful experiments in this direction have been carried out with the 
use of pure hormone preparations. Larassagne,® 8 by giving weekly injec¬ 
tions of crystalline oestrone benzoate dissolved in sesame oil to young 
miee, succeeded in producing mammary cancer in male mice in which it 
normally would not have appeared. Female mice generally showed a 
higher incidence of cancer following the treatment. In one strain of mice 
oestrone benzoate gave rise to no mammary tumors. It appears from 
this work that in certain strains of mice, but not in all, the prolonged 
administration of an oestrogenic substance leads to an increased dis¬ 
position of the animal to develop cancer of the breast. Burrows m studied 
the effect of the prolonged application of oestrone in 001% benzene 
solution to the skin of stork mice and found that following the treatment, 
the development of mammary cancer among the male mice was very 
uncommon, probably because of a natural refractoriness. He observed, 
however, that the admiuistration of oestrone to both male and female 
mice frequently was followed by cystic mastopathy, a condition regarded 
as a preparatory stage toward cancer. Synthetic oestrogenic Biibstanres 
gave similar results. 

There are some preliminary indications from assays of the blood of 
cancer patients 1 and of tumor-bearing male mice 1 that there is an over- 

■ For an nxwllpnt review, bbp Lpd Loeb, "Eatrograir Hormones and Ciromoflrni"'!'a," / Am Med 
Aanocn , 104,1507 (1935). 

** LaMBine, Com pi rend , 105, 030 (1092), LftnuaMBnn and Nyla, Compt rend eoe bint, 116, 844 
(1034) 

M Burro wi, Bnhih Journal of Suraent, 23,101 (1096). 

i Dtncsmanie, JTrwud, d* Jnngh And Lnqofiur, Arch Oynaekol, 141, 326 (1080) 

■ Loam, Riudanboieh and Worn, Butehm Z , 249,443 (1032) 
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production of oestrogenic material by the organism during malignancy, 
but this important point has not been definitely established. 

The Synthetic Approach to the Hormone Structure. Active interest 
in the elaboration of methods for the synthesis of substances incorporating 
some or all of the structural features of the hormone molecule has been 
prompted by various considerations. Therapeutic uses have been indi¬ 
cated for the natural oestrogenic hormones, but the extraction of these 
substances from urine is tedious and costly and the yieldB at best are very 
small. It is quite possible that compounds of the ocstrone group can be 
ubtained by the degradation of sterols or bile acids, and a distinct advance 
in this direction is the conversion of ergoBterol through neoergosterol 
into a naphtholic compound, dchydroneoergostcrol (page 177). The 
ethylrnir linkage in the side chain offers possibility for further degrada¬ 



tion approaching the structure of oehtronc. It seems questionable, how¬ 
ever, if a lengthy series of transformations from such a costly starting 
material as ergostcrol can offer advantages over methods of total syn¬ 
thesis. A synthetic method, moreover, would have greater flexibility and 
might afford comparison compounds of considerable interest in exploring 
further the relationship of oestrogenic activity to structure and in investi¬ 
gating possible pathological changes akin to cancer. It is an attractive 
feature of the synthetic approach that even though a plan may fall short 
of the final mark of duplicating the work of nature it may provide physio¬ 
logically active substances of importance for purposes of biological experi¬ 
mentation and possibly of therapeutic value. 

In the synthetic work which met with such brilliant success in elu- 
eidatiug the stmetures of the oestrogenic hormones the closest approach 
to the structure of oestrone was the synthesis by Cook and co-workers 
of 7-methoxy-l^-cyclopentenophcnanthrene (page 210). The free phenol 
obtained on hydrolysis has the ring system and the hydroxy] group of the 
hormone, but it lacks the angular methyl group and the carbonyl group 
associated with the five-meinbered ring and two more rings are aroma- 
tisod than in the rase of oestronc. According to the preliminary report, 
the synthetic phenol produces a strong oeBtrous response in Bpayed mice 
when injected in dosos of 10 mg. 
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Work on the development of other synthetic methods is in progress 
in several different laboratories at the time of this writing, and in antici¬ 
pation of rapid advances in the field it will be sufficient to indicate briefly 
some of the lines of attack suggested in investigations which are still 
incomplete. 

Bardhan, in an investigation which thus far has been reported only 
in a preliminary communication, 3 condensed / 3 - (1-naphthvl) -ethyl bro¬ 
mide with the sodium derivative of methyl /3-ketoadipate and cyclised the 



ketu et-ter T with sulfuric acid. On distillation of the dibasic acid II with 
acetic anhydride there was produced a substance having the composition 
and presumably the structure of the ketone III. Oestrogenic activity of 
this compound is indicated. The plan of ryclizatinn employed in the 
synthesis is essentially that discovered by Bnugault 4 for the picpnrution 
of indenes and adapted by von Auwcrs and Moller 3 for the closing of six- 
membered rings. Bougault cvrlized the keto ester IV with sulfuric acid 
and obtained the dicster of indene-l,2-dicarboxyhc acid V. A ring clo¬ 
sure of much the same type is involved in one modification of the general 

CHj—CIICOiR 

Ad* 00 * 

KJw 

Bardhan-Scngupta phrnanthrene synthesis. The regular method for 
cyclizing the keto ester VI consists in removing the ester group by hydrol¬ 
ysis, reducing the ketone, and effecting a cyclodehydration of the alcohol 
(page 161). It will be recalled, however, that Ruzicka* found that VI 
is capable of undergoing dirert cyclizotion, the final product of the action 

■ Bardhan, Mi tun, 134,217 (1934) 

• BnujEMilt. Oompt rend , 159, 746 (1<I14) 

• ion Auwers Mid K MflUcr, J pnkt Chem , 109, 124 (1925) 

• Run oka, EhniHnn, Goldberg and Htali, Odt Chm. Acta, 10,533 (1033) 
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of Bulfuric acid on the koto ester being cyclojientenophenanthrene. That 
the unsaturated eater VII (or a bond isomer) is the initial product can be 
inferred from the later work of Cook 7 who employed a similar direct 
cyclization and isolated a product analogous to VII. 

These methods of ring rlosure arc perhaps related alBo to that of the 
Bischler-Napieralski isoquinohne synthesis (page 33). Fieser and 
Hcrshbcrg 8 employed the von Auwcrs and Moller adaptation of the Bou- 
gault reaction for the preparation of 3,4-dihy drophenanthrenc-1,2-di- 
carboxvlie acid anhydride (IX). On condensing the keto ester VIII 


<” 11 , 


OH, 




rHjf’OiH 


+ 

ro,n 

COiH 



li CHC'O.R 


( 1, oro,R 

Uisa 



with sulfunc acid at 80-90" the cvclie diester (analogous to V, above) is 
converted into the anhydride. In both this synthesis and that of Bard- 
lian, the introduction nf a lmlroxvl group at the proper position should 
piesont no difficulties 3,4-1 JihviIrnplii-Tianthi i'nc-l,2-<hrnrboxylic acid 
anhydride ll\) cun be converted into the com-ponding aromatic imliy- 
dnde in good yield bv treatment with siilfin nt 325° 

Buteuandt and Schramm D prepared an interesting hydroxyketone of 
(he phenauthrene series from tlie unsaturated acid (X) obtained as one 
product of the condensation of 6-methoxv-l-naplithyl magnesium iodide 
with the Mgl-snlt of Mieeinic acid half-aldehyde. Hydrogenation of X, 


CH.O 

1 Cook, Ila'lpuciQd and (Min) \ M Robinson, J Chm 8oc , 037 (1035) 
1 Finer and Hrruhbn*, J Am C\m Soc , 57, 1508,1851 (1935) 

• Buteuandt and Soliramm, Btr , 68,2083, 2303 (1035) 
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cyclization of the free acid with stannic chloride, and demethylation gave 
the substance XI, which is the 7-hydroxy derivative of the ketone 
reported by Cook and Dodds os to be oestrogenically active. 

The new substance was found inactive in the Allen-Doisy test up to 9 
mg. when injected into castrated mice in 6 portions during 3 days. Adminis¬ 
tered by the same technique, 1-ketotetrahydrophenanthrene gave nega¬ 
tive results in a total dosage of 70 mg., although 20-40 mg. of the ketone 
produced the ocstrous response when the total amount was administered 
in a single injection, as in the experiments of the English investigators. 

Still more elaborate are two syntheses reported from the laboratory 
of R. Robinson. 10 These both require as starting material y-m-methoxy- 
phenylbutync arid (XIV), for the preparation of which two methods have 
been employed. Thompson 11 (scheme a) used Mrs. G. M. Robinson’s 
keto acid synthesis 12 for the preparation of jJ-m-methoxybenzoyl propi- 
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onic acid (XIII), which was obtained by condensing m-methoxybenzoyl 
chloride with the sodium derivative of ethyl acetyl succinate and hydro¬ 
lyzing the product (XII). Reduction of XIII by the Clemmcnsen method 
gave the desired acid. The yields in tralti reactions were very poor, and 
for this reason Robinson chose the longer route (b), starting with 
m-methoxybenzaldehyde. 

The first synthesis, described by Rapson and RobinBon, employs a new 
general method of obtaining substituted cyclohcxenoncB. 0-Methoxy- 
tetralone-1 (XV), prepared by cyclization of the acid XIV (above) with 


11 Snmoo and R Robinson, /. Chrm Sue., MSS (1935); R. Robinson and ScMitttar, Aid.. MSS (1BSE) 
Son also R. Robinson and J. Walkor, M, 1530 (198S ); Rapson and R. Robinson, Aid,, 1531 (1B35). 


" H. W. Thompson, Aid., 3811 (1933). 
» G. M. Robinson, Aid., 745 (1B30). 
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sulfuric acid, was converted by means of sodamide into its sodium deriva¬ 
tive and this was condensed with acetyl cyclopen l cne The product of the 
Michael reaction was not isolated, for it underwent ryclization under the 


„XO -iXX j J 

(XV) (not isolated) (XVI) 


Ci f l C 


(not i<Nilatod) 


conditions of the first condensation and gave the unsaturated ketone 
(XVI) in 55% yield. In the synthesis described by Robinson and 
Schlittler the phenanthrenc system is ronstrurted by effecting a double 
ring closure in a long-chain keto acid The substance (XVIII) required 
for the purpose wsb prepared according to Mrs. G. M. Robinson’s method 
by condensing Y-m-methoxyphenylbutyiyl chloride with ethyl a-acetyl- 
glutarate (from aretoacetic ester and 0-bromopropionic ester), and hydro¬ 
lyzing the product (XVII). An intramolecular ester condensation gave 
the dihydrorcsorrinol derivative XIX, and the second cyclization was 
accomplished by treatment of XIX with pliosphoius pentoxide. In this 
ring closure, whirh is essentially of the type of the Bougault reaction. 
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advantage is taken of the favorable orientation of the methoxyl group. 
The reaction product XX has shown no oestrogenic activity in small doses. 

The synthetic phenanthrene derivatives III, IX, XI, XVI and XX 
are still far from the true hormone structures, but they all contain 
reactive groups which offer possibilities for further synthetic operations. 18 


“Othrr synthetic experiment! undertaken with the view of Riinilar hydrnphnuvithrone 

derivative h m been reputed recently by l*hnuuin andPeaeche, Bn, 68.1148 (1066) .rhuanx, Ma and 
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Clearly the progress made to date foreshadows rapid advances in the 
future. 


The Male Hormones 

Isolation of Androsterone. Some reference was made above to the 
physiological experimentation leading to the recognition that there is 
present in the inner secretions of the testis a substance or group of sub¬ 
stances exhibiting several different physiological properties of a hormonal 
character. The following functions are characteristic of the testicular 
hormone or hormones: the control of the development of the male genital 
organs (seminal vesicles, prostates, t'owper glands, vas detcrens, and 
penis); the influence on the secretory activity of the accessory glands 
and on the character of the sperms; the development of the secondary sex 
characteristics. The most satisfactory methods for the detection and 
quantitative bio-assay of the hormone are those depending upon its influ¬ 
ence on the development of the seminal vehicles of castrated male rodents 
(Loewe and Moore test) and upon the ability of the hormone to promote 
comb-growth in capons (coxcomb test of Koch). The second method, 
which originated with Pczard 14 and winch was placed upon a quantitative 
basis by Gallagher and Koch, ln proved to be of particular value in the 
brilliant work of Butenandt and Tsrheming 10 which led to the first iso¬ 
lation of a male sex hormone in a pure, crystalline condition. According 
to the technique 17 employed by these investigators, the capon unit (c. u.) 
is defined as the amount of substance which, when administered to each 
of three capons on two successive dn\s, produces in the course of the third 
and fourth day an average increase of 20% in the area of the comb. The 
area is measured on a shadowgraph of the comb by means of a planimcter. 

The isolation of male hormones was a matter of the utmost difficulty. 
The amount of materials present in the genital organs is extremely small 
and early attempts of several investigators to obtain pure material from 
testis tissue met with failure. Small amounts of a male hormone, how¬ 
ever, occur in the blood and in the urine of healthy males, and the sys¬ 
tematic investigation of the latter source by Butenandt and Tscheming 
eventually led to success. Using the comb growth test as a guide, and 
employing as the starting material a crude extract supplied by the 
Schering-Kahlbaum Company, these investigators achieved the first iso¬ 
lation of a crystalline hormone in 1931. Some idea of the difficulties 
involved can be gained from the fact that in the original work Borne 
15,000 liters of urine yielded only 15 mg. of the hormone. Once the 

m Ptaid. Compi. rend . 153, 1027 (1011) 
u QilUgher and Kncfa, /. £wl. Chrm , 84, 405 (1020) 

■ Butenandt and Teoheraing, Z angne. Chrm., 44,006 (10.11) 

» Idem. Z. pfefurt Che m., 229, 187 (1954). 
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method of separation had been perfected, it was possible to obtain con¬ 
siderably higher yields. According to the bio-assay, 100 liters of male 
urine contains approximately 100 mg. of the hormone (500-600 c. u.) and 
about 25% of the substance present can be obtained in a pure condition. 

In the first step of the process 18 the urine was acidified, concentrated, 
and extracted with chloroform. A large amount of inert material was 
removed from the chloroform solution by extraction with alkali, when the 
hormone was retained in the neutral fraction. Steam distillation removed 
an additional quantity of inactive material, and further enrichments were 
accomplished by subjecting the residue to alkaline hydrolysis and to 
hydrolyns with hydrochloric acid. The unhydrolyzed residue containing 
the hormone was then distributed between benzene and petroleum ether 
and extracted from the petroleum ether phase with 60% alcohol. At this 
point a highly active oil was obtained (1 c. u. - 1-1.4 mg.), but it was 
not improved by the further application of similar methods. In the 
course of the separation* the male hormone had behaved so much like 
oestronc, except for the absence of acidic properties, that it seemed likely 
that the two substances are somewhat similar in structure. On the 
hypothesis that the male hormone is a hydroxvkctonc, the purified oil 
was treated with various rcagrnts for the h\ droxvl and for the carbonyl 
group in the search for a method of selective precipitation. By noting 
if there was a change in physiological activity it was possible to judge if a 
reaction had occurred. It soon was found that the active principle is 
kctonic in character, for with hydroxvlamine a crvstallizate was obtained 
which removed from the oil nearly all of its activity. The purified oxime 
yielded on hydrolysis a mixture of substance** Tilucli could be separated 
by fractional sublimation in high vacuum and by crystallization. The 
principal component was a ketone melting at 178° and containing one 
capon unit in 150-200 7 10.15-0.20 mg.) of material. On the basis of 
further chemical characterization, which indicated that the substance is 
a sterol-like ketone, Butenandt named the hormone androstcronc (Gr., 
rmdro - f male). 

Androstcronc as found to be completely saturated, and the presence of 
an alcoholic hydroxyl group was established hy the preparation of an ace¬ 
tate. The great difficulty of isolation imposed serious limitations on the 
work of characterization, and the rombustion nT the hormone presented a 
further difficulty. Reliable analyses of the acetate, 10 however, pointed to 
the formula C 1[1 H in O. or C IS H as O.. Either formula would indicate a carbon 
skeleton containing four reduced rings, and the nature of both oxygen 
atoms was clear from the character of the derivatives. This information, 

u Frrr. drbulrd mnmint «oe Butimindt mid Tuhonunc, Ref 17, »1«. TVhrenin*. Bntbnim Pfiwid, 

' >■ Rutmuidl, * anew. Chm , 45,655 (1935): Ifntunrluntchafttn, 21,40 (1B33). 
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though meager, was remarkably suggestive (and accurate), for it pointed 
to a structural relationship to the sterols and a still closer relationship to 
oestrone, a hydroxyketonc having a four-ring system and containing 
eighteen carbon atoms. On the basis of this annlogy, Butenandl sug¬ 
gested what has proved to be the correct formula for androsterone at a 



Andiwteronr 

(CnIIinOj) 


time (1932) when no more than 25 mg. of the hormone had been obtained 
in a pure condition 1 

According to this formula androstrronc contains a methyl group at 
C lt , corresponding to that of the sterols. If this methyl group were 
removed and if ring A were dehydrogenated to an aromatic nucleus, the 
structure would be that of oestrone. Since, according to the analyses at the 
time available, the methyl group might be absent, it seemed possible that 
the hydrogenation of oestrone might yield androsterone. At Butennndt’B 
suggestion, Schocller, Schwenk and Hildebrnndt 30 investigated the hydro¬ 
genation of oestrone, and they obtained an impure, non-crystalline product 
which was not identical with androsterone but which possessed the same 
type of physiological activity as the male sex hormone. In large doses 
the material gave a positive response in the capon test. This interesting 
observation in some measure indicated the probable validity of the type 
of formula suggested by Butrnandt. 

Preparation of Androsterone from Cholesterol. At the time when the 
problem had reached this highly suggestive but still uncertain stage, 
Ruzicka 21 (1934) undertook an investigation of the question of strurture 
by the preparative route. Assuming Butenandt’s formula to be correct, 
it seemed altogether probable that androsterone arises in the organism as 
a degradation product of a reduced sterol or of lithoeholic acid, and 
Ruzicka attempted to duplicate the degradation. The most readily 
available starting material was dihydrorholesterol. If this could be oxi¬ 
dized in such a way oh to eliminate the side chain and introduce a kctonic 
oxygen atom in the position vacated, the resulting product would have the 


*• Srhooller, Hohwenk And Hildebrand!, N^wnommmhajlm, 21,2*8 (1933); See alao, Dimchcrl and 
Von, Aid., 22, 318 (1984); Brit, patent, 421,881 (1934), 428,287 (1036). 

« RusiOka. Goldberg and Brflnmr, Hrh. Chim. Acta, IT. 1889 (1084): Ruilclca, Goldberg, J. Mryer, 
BiUnner and J&iehenbeiier, ibid., IT, 1306 (1034); Ruilckn, BrQnuer, Eirhenberffr and J. Meyer, AM., 
IT, 1407 (1034V 
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expected structure. According to the usual sterol nomenclature, this 
would be a hydruxyaetiocholanone. A hydroxyl-free ketone of this struc¬ 
ture (but belonging to a different stereochemical series) had been isolated 
by Wicland, Schlichting and Jacobi in the coutbc of the systematic degra¬ 
dation of the side chain of cholanic arid (page 146), but the aetiocho- 
lanone had been obtained only in very small amounts. Windaus had 
obtained no ketonic ring compounds in his oxidations of cholcstane and 
roprobtane, and it would berm that the presence of a hydroxyl group, even 
when protected by acetylation, would introduce the further complication 
of providing a vulnerable center for the opening of a ring. 

In spite of adverse indications from the literature, Rusicka investi¬ 
gated the oxidation of dihydrocholesteryl acetate with chromic anhydride 
in boiling glacial acetic acid solution. Most of the material was either 
unattneked or converted into acidic substances, but there was a small 
neutral fraction which yielded a crystalline semicarbazone. On hydroly¬ 
sis there wsb obtained a substance of the expected eomposition and chem¬ 
ical properties and showing a definite physiological activity in the comb 
growth test. The material was less active than androsterone and it did 
not correspond in melting point with this substance, but the general simi¬ 
larity was so great as to suggest that the two products are stereoisomers. 
There is ample opportunity for such isomerism in the hydroxyaetiochola- 
none structure. Corresponding to the seven asymmetric carbon atoms 
present, no less than 128 stereoisomeric forms are possible. Fortunately, 
howrver, the problem iB much less complicated than the multiplicity of 
possible forum would indicate. The interconvcrsionB of various sterok 
nnd bile acids show clearly that ringa C and I) have the identical con¬ 
figuration in all of these natural products. The junction C/D is known 
to be trans, and X-ray data 22 afford some indication of a trans linkage 
between rings B and C. All of the substances mentioned fall into one 
or the other of the two stereochemical series of which the basic hydro¬ 
carbons are cholcstane (olio-series) and coprostane. If androsterone is 
formed in the organism from a sterol or bile acid it must belong to either 
the cholestane or the coprostane series, and if the hydroxyl group occupies 


* Banal, Ckimutry on d Jnrfiiafrtf, SZ, 11 (19SS). 
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the usual C'-position the configuration at this renter of asymmetry must 
be that of dihydrocholesterol or of its epimer. In Bhort it appeared 
probable that androstcronc has the configuration of one of the four ketones, 
formulas I-IV, corresponding to dihydrocholestcrol, coprostrrol, and their 



3-Hydroxvaetiuoflorholanonr-17 3-£^ihydro*j artiualtorholannnr-17 

(from dihydrorholesterol) (Irom cptdihydrorholrstrrol) 



3-Hyilnm iu'tiocholannnp-17 S-i’joihydroxj m't iocholanonc-l 7 

(from rnpiostcinl) (Irom fpiroprosterol) 

epimeric modifications Having found it passible (o obtain the first of 
these ketones by the oxidation of dihydrocholesteryl a cel ate, Kuzicka and 
his collaborators undertook the preparation of the other three isomers 
The preparation of the redured sterols required as starting materials has 
been discussed in the previous chapter (page 1151, and it inny be noted 
that at the time of the woik under consideration epidihydrocholesterol 
and coprosterol had just become available through the discoveries of 
Vavon (19331 and of Grasshof (1934), respectively A satisfactory 
method of preparing ep/coprosterol was developed hv Kuzicka. 

The oxidation of the reduced sterols in the form of the arctates was in 
enrh case successful, and the four hydroxyketoncs were all obtained in a 
pure condition, if in small (and unspecified) yields. The ketone II, 
obtained as an oxidation product of cpidihydrocholesterol, was found to 
be identical in every respect with the androsternne. The structure of the 
hormone, inferred by Butenandt from such observations ns he was able to 
make with no more than 25 mg. of material available for experimentation, 
was in this way completely established! 

Ruzicka’s oxidation product corresponded very closely in physiological 
activity with the natural androsterone in parallel series of comb growth 
tests. The production of the active substanre from an inactive starting 
material iB a good proof of the pure hormonal character of the material 
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isolated from urine. A comparison of androsterone with the other stereo- 
isomeric hydroxyketones is of interest in revealing the degree of spe¬ 
cificity of the hormone. The figures given below represent the amounts 
of materials (in 7 ) corresponding to 1 capon unit (as determined by the 
technique of Tschopp): 

Isoandrostcrone (I): 500 7 = 1 capon unit 
Androsterone (II): 60 7 = 1 capon unit 

Compound III: To 1000 7 inactive 

Compound IV:' To 1000 7 inactive 

From the lack of activity of the substances (III and IV) of the coprostane 
series it may be concluded that the configuration of the ring system is of 
more importance than the configuration of the carbon atom carrying the 
hydroxyl group, although an inversion at this part of the molecule results 
in a drop in physiological activity to about onc-sevcnth the original 
value. 2 * The specific action of androsterone in comparison even with its 
stereoisomcrides may be contrasted with the lack of specificity of the 
oestrus-producing hormones. It is worthy of note that the male hor¬ 
mone belongs to the cholcRtanc (alio) series, while prcgnnnediol corre¬ 
sponds in configuration to coprostane. 

It was surprising to find that androsterone is an alcohol of the epi- 
type, for such substances previously had not been known to occur in 
nature. Certain sterols and bile acids, however, had not been character¬ 
ized with respect to the stercorhemical arrangement of the hydroxyl group, 
and in some eases even the position of the alcoholic group was unknown. 
Ruzicka’s method of oxidation provided a convenient means of deciding 
these points and it was soon found that stiginaslerol , 24 ergosterol , 24 cin- 
chol , 28 and sitosterol 24 arc 3-hydroxy compounds of the cholesterol 
(normal) type, but that lithoeholir acid 37 is an ept-compound, for it 
yields the hydroxyketone (IV) obtained from epicoprosterol. 

Ruzickn’s method for the artificial preparation of androsterone 28 has 
made the hormone much more readily available for experimentation and 
for clinical use, but it is an extravagantly wasteful process which finds 
practical application only because the starting material is available at a 
low price. From 3 kg. of cholesterol, Callow and Deanesly 22 obtained in 
all 1 g. of androsterone, although under the most favorable conditions 

■ This observation wan oonRrmrd by Butensndt and CoMer, X jihyifpl. r»«n., 234,219 (10310, who 
prcpaiadJMitdroxvaaHMUooholanonfH 17 > ■‘23%teS*®.* 1 




•• Frrahds sad Cbakravorty, flrr., 07,2021 (1934). 

■ Dlmchnl, X. plyiM. Cham., 21S, 1 (103S). 

■ Ru»oka and Eiohonbesgar, HA*. Chim Aria, 10,430 (1935) 
» Rusioka and Ooldbsm, ft*d., 10,068 (1935). 

■ Fraoen patmt 770,182 (1035). 

11 Callow and Dsanady, Biaehrm. /, 20, 1424 (10851. 
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the overall yield rose to 02%. To obtain 1 g. of the natural hormone it 
is necessary to use about 4,000 liters of male urine. Callow and Deanesly 
used Girard’s reagent (page 197) for separating the desired ketone from 
the mixture of oxidation products, and they made improvements in other 
steps. To recapitulate, the complete process involves the following 
transformations: cholesterol —* dihydrocholcstcrol —► cholestanone 
—» epidihydroeholcsterol —► acetate —* androsterone acetate (semi- 
carbazone) —> androsterone. According to Marker M a more convenient 
process consists in the use of the chloro derivative in place of the 
acetate, for only one hydrogenation is required and the materials are 
more easily handled in large lots. The steps are shown in the formula*. 


CH ,?' Hl7 



CHj| 

j?±+ X — [ 

(a) Cl M CP - ' 

Cholesloryl chlondr 


nr I 


a-ChoWvl rhlnndr 
(m p 110') 


CW>| 

Tr 



a-Chloronnrli usterunp 
(m p 173") 



Androstrrone 


Since androsterone haB the opposite configuration at C, from cholesterol, 
a Walden inversion must take place at one of the steps hut it is not known 
whether this occurs in the replacement of hydroxyl by chlorine (a) or in 
the reverse change (d). Ruzirka S1 obtained the same a-chloroandros- 
terone (m.p. 173°) by the oxidation of a-cholestyl chloride prepared from 
ept'dihydrocholesterol and phosphorus pentachloride, and the substance 
proved to be a stereoisomer of the chlorokctonc (m.p. 128") obtained l>y 
the sequence: dikydrocholcstcrol pa ' ->/3-cholestyl chloride (m.p. 105°) 
/9-chloroandrosterone (m.p. 128°). 12 The stereochemistry of the 
replacement reactions still awaits elucidation. 

The preparation of androsterone by the systematic degradation of the 
side chain of a bile acid by the method of Wieland, Schlichting and Jacobi 


*• Marker, J An. Ckrm Soe , 57, 1755 (1935); Marker, Whitmore and O Kamra, ibid., 57,2358 (198.i). 
11 Ruiicka, Win and J. Meyer, JMe Chin Aria . IB, 998 (1935). 

■ Ruaioki, Goldberg and Brttngger, ibid, 17, 1389 (IBM). 
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has been investigated by Dalmer, v. Werder, Honigmann and Heyns. M 
According to Ruzicka’s observations, the natural bile-acids have the 
desired reconfiguration at C,, but they belong to the coprostane rather 
than the cholestanc series. 3-HydroxyaSocholanic arid proved to be a 
suitable starting material. It was found that the ester of this acid can be 
degraded with little modification in the standard Grignard procedure, the 
acetylated hydroxyl group easily surviving the oxidations. In the final 
step the diphenyl carbinol from 3-hydroxyaetiooHocholanic acid was 
dehydrated and submitted to ozomzation. Pure androstcrone was 
obtained. These investigators also prepared 3-hydroxynoraIIoeholanic 
acid, one of the intermediates in the above degradation, by the oxidation 
of the acetates of epistigmastanol and cpisitostanol, which were obtained 
for the purpose by the hydrogenation of the corresponding saturated 
ketones in an acid medium, following Vavon’B procedure. The degrada¬ 
tion of lithorhulic acid to nor- and bisnor-hthoeholic acid by the oxidation 
of the Grignard products has been described by Reindel and Nieder- 
lander 34 By a process parallel to that of Rusicka, Dirscherl 85 has 
obtained nndrostcrone from cinrhol, rpt'dihydrotinchol being prepared as 
above and oxidized as the acetate. 

Characterization of Androsterone. The preparation of androstcrone 
by the degradation of a sterol, or by what may be termed a pseudo-syn¬ 
thesis, settled in a remarkably short space of time the problem of the 
structure of one of the most difficultly accessible natural products. Sub¬ 
sequent events have shown, however, that at the time of the announce¬ 
ment of Ruzicka’s important work the problem had been nearly com¬ 
pletely solved bv the degradative route in the investigations of Butenandt 
and his collaborators The systematic working 11 of the crude extract 
from a large quantity of male urine over a period of thtee years had 
made available by the middle of 1931 a total of of 1.5 g of pure andros- 
tcronc, and with the aid of suitable methods of microtechnique this suf¬ 
ficed for a rather elaborate characterization of the hormone Some of 
the properties, for the most part as recorded by Butenandt and Tscliern- 


PaoPKBTirs or Aviibostubone 


Formula 

Mp, 

rorr. 

Mi. 

Physiol 
activity, 
r u 

Acetate 
m p 

Oxime 
m p 

Bemi- 
carbaione, 
m p. 

C,,H„0. 

182-183* 

+945° 

150-2007 

161° 

210° 

276* 


■ Palmer, v 71 order, Honifpnann and Hevns, B*r , M, 1R14 (1930) 
M R"indel and NiednUndtr, \b\d , SB, 190B (1033) 

« Dinoharl, t phynJ Chm , 237, 52, 268 (1D35) 
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iog," ore reproduced in the tflbie. The hydroxyketone yielded andros- 
tanetfione on oxidation, and on reduction of the diketone by the CJcmmen- 
son method the saturated hydrocarbon androstanc (m.p. 49-50°) was 
obtained. This parent hydrocarbon was found to be different from the 
aetiocholane (m.p. 78-80°) obtained by the reduction of Wieland’s aetio- 
cholanone-17, and it is dear from Ruzicka’s work that androstanc belongs 
to a different (the alio) stereochemical scries. 

Dehydroisoandrosterone, a Second Hormone from Urine, The most 
enlightening observations centered around the isolation by Bulenaudt and 
Dannenbaum 37 of two companion substance* in the hormone extract. 
The more abundant of these substances was a physiologically inactive, 
unsaturated clilorokctonc (m.p. 157°) which evidently had been formed 
m the course of the isolation by the action of hydrogen chloride on an 
unsaturated hydroxyketone during the acid hydrolysis step of the enrich¬ 
ment. Tt was possible to obtain such n ketone by the interaction of the 
chloro compound with potassium benzoate, followed by hydrolysis of the 
resulting benzoyl derivative. The unsaturated hydroxyketone itself sub¬ 
sequently was isolated from urine in •-mail amounts, 31 ' and a relationship 
to androstcronc wns established by the transformation of the unsaturated 
chloroketonc into this substance by the hydrugenutiou of the double bond, 
(he replacement of the halogen atom by an arctoxyl group by the action 
of potassium arctalc, nnd hydrolysis. From more recent evidence (see 
below-) it is known that the unsaturated hydroxyketone lias the structure 
and the configuration at C, represented in formula III, which indirates 
the relation»hip of this substance and of the rhloin compound (I) to 


_ CH, 

/ v 


ph£ 


CJ l 



— (I) \ 


v Conversion to the 



DehyJroisoamlraHitTone 


m Butonondt nnd Tflohernlng, Z. physiol. Chtm , 220, 18."i HO34). 

* Butenandt nnd Dannenbaum, thul.. 220,102 (l')34). Bee also Bubenandt, Dannenbaum, Hanieeh 
and Kudaaiu, ibid., 237,57 (1035). 

m Rutonandt and TechraiuiB. ibid., 220, 107 (1031). 
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androsterone (II). While androsterone is an epi-compound, III is of the 
normal type of cholesterol and an inversion occurs in the transformation 
of the ud saturated chloroketonc (I) into either IT or III. fiutenandt 
named the unsalurated hydroxyketone “dehydroandrosteroue” before this 
point had been established, but in view of the cpinieric relatio nsh ip the 
name requires modification. The hormone is a dehydro derivative of iso- 
androsterone (3-hydroxy-actiofl!Zouholanonc-17) and it is appropriately 
railed dchydroisoandrostcrone. 10 The compound has a characteristic 
physiological action similar to that of androstcrone, but it is less potent. 

The observation in Butcnandt's laboratory that chloroandrostenonc 
(I) gives a characteristic Liebermann-Burchnrd test afforded a prelimi¬ 
nary, if unreliable 40 indiration of the sterol-like nature of the substances 
of the androsterone group The saturated chloroketonc TV (m.p. 173°), 
identical with the compound prepared later by Ruzicka 31 and by 
Marker, 30 was converted by Butennndt and Dannenbaum 37 under special 
conditions into the unsaturnled ketone V. This afforded on hydrogena¬ 
tion the saturated, hvdrowl-frce ketone androstnnonc (VI). The sub- 



a-Chlorointliosh'i mi 



stance was found to be diffeicut from Wicland’s aetiorholanone-17, and at 
the time at which the work was carried out the ketone was unknown. It 
was not long, however, befoic the preparation from sterol* of this impor¬ 
tant degradation product was accomplished independently by Fernholz 
and Chakravorty 41 and by Ruzieka, Goldberg ami Wirz 10 The method 
consisted in the oxidation of cholestnne with chromic anhydride, and the 
yield was only a fraction of one per cent The product, which from the 
method of pieparatinn must have the structure and configuration of 
aetioaUochoianone-17, was identical with androstanone. The degrada- 
tivc work, considered independently of the pseudo-synthesis of the hor¬ 
mone, establishes the structure and the configuration of androsterone in 
every detail save the exact location and spatial arrangement of the secon¬ 
dary hydroxyl group. 

The hormone dchydroisoandroslcronc is particularly interesting 
because it is intermediate in degree of unsaturation between androsterone 


* Runrka (Ref 401 uve the term "l^ulM^ehyd^(MndH^^ettJll□, ,, the prefix wfimn* to tne (arbi¬ 
trarily nanuned) relatioiwhip bet* een the hydroxyl group and the hydrogen ntom at Ci of the hjoro- 
Rpiialion produit 

40 Uunrka, Goldlinrg and Wire, Utfv Chim Irto, IB, fll (1*135). 

41 FemhoU anil Chakravorty, Bn., 68, 351 (1033). 
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sad oeatrone, and it may be a natural precursor of substances of both 
groups. The isolation of dehydroisoandrosterone attracted considerable 
interest and the preparation of the hormone from sterolB was Boon reported 
from five different laboratories. Rusicka and Wettstein," and Wallis 
and Fernhols 48 used the identical method, protecting the hydroxyl group 
of cholesterol by acetylation and the double bond by the addition of bro¬ 
mine, and eliminating the side chain by oxidation. After debromina- 



Cholesteryl acetate 
dibromide 



Dehvdroisuandmsterooe 
(a'-S-Hydroxyoetiaai/ochnli nonn- 17 ) 


tion the ketone was isolated as the acetate semicarbazonc in about 1 % 
yield, and the unsaturated hydroxyketone obtained on hydrolysis proved 
to be identical with Butenandt’s dehydroisoandrosterone. This clearly 
establishes the position of the double bond and the configuration at C,. 
At the Amsterdam laboratory, David 44 reported finding as much of the 
unsaturated hormone in urine as androsterone, and Oppenaucr 45 pre¬ 
pared a substance identical with the natural material from sitosterol of 
soya beans by a process similar to that described above. Schoeller, Srrini 
and Gehrke 4( noted that the hormone is precipitated by digitonin (nor¬ 
mal type) and stated that a preparation had been achieved, but they 
reported no details. Butenandt 47 later reported the preparation of dehy¬ 
droisoandrosterone from stigmasterol, as well as from cholesterol (yield, 
2.8%), by the above method. 

Physiological Activity of Derivatives of the Hormones. Although 
the difficulty of obtaining large quantities of androsterone and dehydro- 
isoandrobterono either from natural sources or by the degradation of 
rholesterol is a handicap to the biological experimentation with the hor¬ 
mones, a fairly extensive investigation of the physiological activity of 
androsterono derivatives has been reported from Butenandt’s labora¬ 
tory, 17 and the observations have been confirmed and extended by 
Rusirka, 48 using a slightly different test method (Tschopp technique). 

■ Ruucka and Wettitein, Relv Ch\m Acta, IB, 080 (1035) 

« Wallm and Frrahol*, J Am Chm 8oc , 57,1370,1504 (1935) 

« David and fraud, Ada Brnta Norland , 8,31 (1035) 

*■ Oppenauer, Nature, 135,1030 (10B5). 

« Bchoeller, Bennl and Gehrke, N atunnuenMchaflcn , 23,337 (1085) 

4T Butenandt, Dannenbaum, Hanleoh and Eudsnu, Z pkyml Chm , 237,57 (1080) 

11 Run oka, Goldbers and J. Meyer, Hdi. Cfttm Act a, 18,210 (1035). 
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A comparison of the physiological activity of these derivatives and trans¬ 
formation products as determined by Butenandt’s technique is given in 
the accompanying table. 


Comb Growth Activity of Andhobtehone Derivatives 


Androstcrone . 

Androsteranc acetate . 

Androstcrone oxime . 

Andiostanediol-3,17 . 

Androetanerliol-3,17 diacetatc . 

Androstanedione-3,17 . 

Androitunonc-17 . 

Di'hvdroiiionndrostcranr (two polymorphic 
forms) . 


M.p. 

Capon unit 
equivalent 

182" 

150-2007 

161° 

150-1707 

216“ 

10007 

221° 

45-fiOV 

160“ 

80-707 

120“ 

3007 

122° 

2000-30007 

148“, 138“ 

8007 


The aretylntion of androsterone or of other alcohols of the aeries 
docs not alter the effective dose but the acetates exhibit a markedly pro- 
trarted action. It is not known whether this is because time is required 
for hydrolysis in the organism to the alcohols, or because the process of 
rrsorptinn is Hlower in the rase of the acetates. The hormonal activity 
iR retained to some extent in the oxime and in the mono- and di-ketoncs 
derived from the parent hydrocarbon androstane. The most striking 
observation is that the dihydro compound resulting from the reduction 


uu 

AndroilnnrdioUt, 17 

of the carbonyl group of the hormone is three times as active as andros¬ 
terone. The diol was prepared by Butcnandt 46 by reduction with sodium 
and propyl alcohol and by Ruzicka 4S by the hydrogenation of androB- 
terone in an acid solution (m. p. 223 d , coit.). It will be recalled that 
the physiological activity of oestrone is also increased to a marked degree 
by the reduction of the kctonic group. By the artion of methyl mag¬ 
nesium iodide on androsterone, Ruzicka M prepared 17-methylandrostanc- 
diol-3,17, and this diol likewise was found to be more active than the 
parent substance. According to the Tschopp test the capon unit of the 
substance was 25y in comparison with 00y for androsterone. It is inter- 

«■ Butcnandt and Tarhrrninic, Verhandl druttch, Oft. Median. , 4fl Kongr , 203 (1084); Z phyriol. 
Ckrm , 234| 224 (1085) 

RimpLa, Goldberji and J. Meyer, BeIt. Chin. Ada, 18 f 004 (1035) 
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esting that the male hormone action is not limited to compounds having 
■ the androetane carbon-skeleton. 

Of particular importance is the unaaturated diketone, androBtcncdione 
(m.p. 173 s ), prepared from dehydroisoandrostorono by Ruzicka and 
Wettstein, 42 by Wallia and Fernholz, 31 and by Butenandt and Kudszus 52 
by the oxidation of the dibromide and dcbromination. The double bond, 



DrhydroisoanUrastcronp 

dibrumidn 



originally at C B -C„, migrates to a position of conjugation in the course 
of the latter reaction. In the Tschopp test, androstenedione is nearly 
as active (capon unit, 100-f) as androsterone (60y). The substance resem¬ 
bles progesterone in structure, but it has no curpus luteum activity. There 
is a close structural relationship to oestrone, for the elimination of the 
elements of mctlinnc from the dione would give a substance having the 
structure of this hormone. While androsterone has no oestrogenic activ¬ 
ity/’ 3 Butenandt B2> 54 found that on injecting androstenedione into imma¬ 
ture female rats and mice the substance produced a characteristic ocstrou* 
response. (With spayed animals the results were negative.) Dchydro- 
isoandrosteronc behaved in the same manner, and possibly both of these 
substances of male hormone activity are capable of being transformed 
into the female hormone in the ovaries. Since androstenedione, in addi¬ 
tion, doubtless con yield both androsterone and dchydroisoawlrostcrono 
on hydrogenation, it may be the physiological precursor of substances of 
both the oestronc and the androsterone group. In addition to these impor¬ 
tant attributes, androstenedione bears a close relationship to a highly 
artive male hormone of the testes, which will be described separately. 

Testosterone. In the foregoing investigations of the hormones 
obtained from urinary extracts, bio-assays of preparations and deriva¬ 
tives were made for the most part by the convenient comb growth method. 
There are some differences in the capon unit as defined by the procedures 
of different investigators (Butenandt, Tschopp, Fussgangcr, 83 Ogata 31 ) 

u Wallin and Fmihnli, J. Am. Chem 8oc>, 57,1511 (1036). 
u Butenandt and Kudaiufl, Z. phynol Chtm , 237, 76 (1935). 

» Warren, Nature, 135,234 (1036) 
m Butenandt and Haniacb, Bn. % 68, 1569 (1036). 

■ FimfAiiflrr, Med . v them. Abhandl. med.-rhem Fonch ua gstUUtm , I -U. Farbcnind , 213 (1033). 

* Ogata, Hlrano and Tanaka, /. Pham. 3oc. Japan, 54, 49 (1034). 
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but there is good agreemont in the relative order of activity found for a 
series of compounds by these different techniques. Following the isola¬ 
tion of androsterone and dehydroisoandrosterone, and after methods had 
been developed for the preparation of the hormones from cholesterol, it 
became important to investigate the other biological properties of the pure 
substanees. That androsterone influrnres the growth of the seminal ves¬ 
icles was reported from Dutenandt’s laboratory. BT Tachopp (Ruzicka, 
1934) found that the prostate, seminal vesicles, and penis of castrated rats 
berame enlarged after the injertion of androsterone, and the observations 
were extended by Korenchcvsky/’ 8 The effects were qualitatively simi¬ 
lar to those known from an abundance of earlier observations to be pro¬ 
duced by testicular extracts, and from the rough correspondence in the 
physiological properties it appeared possible for a time that the male 
hormones exrreted in the urine arc identical with those present in the 
testes. Tt was recognized that this important point might he decided 
either by the isolation of a pure male hormone from the testes or by 
direct, quantitative comparisons of the various physiological actions of 
urinary and testicular hormone extracts. Both lines of inquiry were 
actively investigated, and it soon became apparent that there are dis¬ 
tinct differences in both the chemical nnd the biological properties of 
the active materials from the two sources. 89 Of particular significance 
were the results of n comparison made by Laqucur and his associates 
(19351 at Amsterdam of the effect of administering to castrated rats 
equal amounts, in terms of capon units, of urinary and of testicular male 
hormone extracts. The animals showed extraordinary differences in the 
size of the seminal vesicles The average weights in the case of the con¬ 
trols, the animals receiving urinary extracts, and those receiving testicu¬ 
lar extracts were in the ratios: 1:14:67. The material from testes has 
nhout five times the activity per capon unit in promoting the growth 
of the seminal vesicles ns androsterone. The marked divergence in the 
relationship between the rnt tests and the capon-potency clearly pointed 
to the presence in the testes of a substance other than androsterone. 

Further evidence in the same direction was supplied by the observa¬ 
tion of Gallagher and Koch (1935) that highly artive testicular extracts 
show a decided decrease in activity when boiled with alkali. A similar 
instability is not characteristic of the urinary hormones, androsterone 
and dehydroisoandrosterone, but is exhibited by the a,/9-unsaturated 

■ Twherning, Ergtbniut Phyvitl , 35, 312 (1033) 

■ Korpnehevekv, Natwt. 135, 434 (1035), Korwichpvaky and Dennison. Biochcm J , 29, 1720, 2122 
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ketone progesterone, from the corpus lutcum. This relationship was com¬ 
mented on by Ruzicka and Wettstein and by Wallis and Femholz in 
their work on the preparation of androstenedione-3,17, and it was pointed 
out thBt this alkali-unstable, o,/8-unsaturated ketone may be closely 
related to the true testicular hormone. 

The problem of the identity of the hormone was solved with surpris¬ 
ing promptitude. In June, 1935, David, Dingemanse, Freud and Laqueur “ 
reported the isolation in a pure condition of a testicular hormone (m. p. 
154°) to which they gave the name testosterone. About 10 mg. of the 
hormone was obtained from 100 kg. of testis tissue. 81 The preparation 
from an androsteronc derivative of a substance of known structure hav¬ 
ing chemical and physiological properties identical with those of testos¬ 
terone was reported by Butenandt M * 82 in September, and shortly after¬ 
wards by Ruzicka. 83 It had bepn observed by both investigators that 
among the known compounds of the androstcrone group the high potency 
in the rat test as compared with the capon test, characteristic of the 
testicular extracts (and of testosterone), was exhibited only by andros¬ 
tenedione-3,17. 84 Furthermore, this unsaturated dione, like testosterone, 
is unstable to alkalis, particularly when in an impure condition. While 
a close relationship between the two substances was apparent from these 
observations, the complete identity of the materials was subject to ques¬ 
tion even before the isolation of the natural hormone had been reported. 
Androstenedione-3,17 is somewhat less potent in the capon test than 
androsteronc, whereas there were definite indications thnt the testicular 
hormone is considerably more powerful in this respect, as well aB in the 
rat test, than androsterone. Laqucur indeed found that pure testosterone 
is about ten times as powerful as androsterone in promoting comb growth, 
the capon unit being contained in about lfrf of the material. The activity 
in the rat test per capon unit is about seven times that of androsterone. 

Since previous experience had shown that the physiological potency 
of androsterone is greatly enhanced by the reduction of the C 1T carbonyl 
group, both Butenandt and Ruzicka undertook the preparation of the 
corresponding derivative of androstenedione-3,17. Both investigators 
employed the same method. Dehydroisoandrosterone (I) was reduced 
with sodium and propyl alcohol to the diol II (m. p. 177-178°, slight activ¬ 
ity in the capon test), and this was converted into the diacetate. Utiliz¬ 
ing the greater reactivity of the 3-substituent, the diacetate was partially 
saponified to the monoacctate III. This was oxidized aB the monoacetate 

M David, Dingemanse, Freud and Laqueur, Z. physiol, Chm , 233,21S (1985). 

« David, Acta Brsna Norland., 5, 85,108 (1935). 

■ Butenandt and Hanisoh, Z. physiol. Chm , 237, 89 (1935). 

m Her Tachopp, Naiwt, 136,258 (1935). 
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A* -Androstenol-17-ono-3 
(Testosterone) 


dibromide and the product on debrommation and hydrolysis gave the 
iinsaturatcd hydroxykotone IV (isomeric wilh I). The properties of 
A*-androbtcnol-17-one-3 (IV) as determined by both investigators agtcc 
well wilh those reported* 1 for testosterone. Furthermore, testosterone 
has an absorption spectrum characteristic of an a,/3-unsaturated ketone 


Pbopehtils or Testostlbone 


Formula 

M p, 
con 

[•Id 

Phyfcjol 
activity, 
capon unit 
(Tschopp) 

Acetate 
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Oxime, 
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Htnzoate, 
m p lorr 

CuHaO. 

154-154.5° 

f 109’ 

Ctt 107 

no -1 ir 

222-223“ 

194 196“ 


(maximum at 238 mp) and it yields andrustenedione-3.17 on oxidation. 
Finally, mixed melting point determinations established completely the 
identity of the natural hormone with the svnthetically prepared sub¬ 
stance. Later Rusicka 65 improved the yield in the picparntion by sub¬ 
stituting for the 3,17-diacetate of II the 3-acetatc-17-benzoatc of this 
diol, prepared by reducing acetyl dehydroisoandrosterone and benzoylat- 
ing the product. With the mixed ester there was a greater differentiation 
in the ease of hydrolysis of the two groups than in the above case. 

The isolation and identification of testosterone represents a highly 
important advance in the hormone field From present indications it 
appears likely that testosterone is the characteristic, if not the only, male 
hormone of the testes. Clearly thp hormones excreted in male and female 
urine are not the original hormones of the testeB and ovaries, and they are 

■ Riindu, Wottatein and Kigi, JTdi Chtm Acta, IB. 147B (1935). 
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leas active than these substances. Androsterone and oestrone appear to 
be either transformation products of the true hormoneB of the genital 
glands or else companion substances. The occurrence of these materials 
in certain urines in relatively large amounts was a fortunate circumstance, 
for without this comparatively ready source of physiologically active sub¬ 
stances for chemical investigation the characterization of the true hor¬ 
mones probably would have been long delayed. 

It is quite possible that urinary and testicular extracts contain still 
other male hormones, and indeed Ogata and Hirano M have reported the 
isolation from 80 kg. of boar testes of 2 mg. of an alkali-stable substanre 
melting at 129-130° and possessing a high degree of physiological activity. 
Ruzicka and Wcttstein 88 noted that in melting point and in the action 
on the sexual organs of immature rats the substance resembles andros- 
tanedione (m p. 129° or 132°), and they suggest that the two substanre* 
may be identical. 

A preliminary rharartcrization of compounds related to testosterone 
has been reported by Butenandt. 1 ' 7 The saturation of the 4,5-double 
bond, accomplished by partial hydrogrnatinn in neutral solution, resulted 
in a decrease in the comb growth activity, although the resulting andros- 
tanoI-17-one-3 (nflo-series) is considerably more potent than andros¬ 
terone. A 4 -Andio.stenediul-3,17, prepared by the reduction of testosterone 
at the C,-carbonyl group by mean* of aluminum isopropylale, was found 
to have little if any artivity in the capon test. Ruzicka has prepared and 
tested additional derivatives and transformation products of dehydroiso- 
androsterone 88 and of testosterone. 89 A 4 -Dchydroisonndrosterone was 
found to be more uctivc than the A'-isomer found in untie In comparing 
testosterone with various methyl earbinols, such as 17-methyItestosterone 
and 17-methylandrostanonc-3-ol-17, it was surprisingly found that the 
latter saturated hydroxyketonc approach™, the testirulur hormone in 
activity in both the capon and the rat test. Testosterone, however, is the 
most potent substance of male hormone activity yet discovered. 

The Corpus Luteum Hormone, Progesterone 

In the human ovary, following the ripening and rupture of the follicle, 
there is formed a tissue which, on account of the abundance of yellow 
carotene present, is called the corpus luteum or yellow body. Physiologi¬ 
cal studies of the past thirty years 78 have shown that the main functions 
of the corpus luteum are connected with the preparation for and main- 

* Ogala and Hirano, J. Pham Bog, Japan , 54,1Q9 (1934) 

" Butrnandt, Twherning nod IlaniArh, Bor , 65,2007 (1035) 

■ Rusipka. W Fisrher and J Meyer. Hdt. Chm Acta, II, 14H3 (1035) 

■' Bunrka, Goldberg and Rosenberg, tfti d , 18, 1487 (1035) 

n See F L Hisaw, "Physiology of the Corpus Luteum," pp 400-513 in E Allen's “Hex and Interna 
Secretions" (1032). 
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tenanoe of pregnancy. The uterine mucosa, which grows to a certain 
stage under the influence of the follicular hormone, proliferates further 
under the stimulation of secretions from the corpus luteum and so is pre¬ 
pared for the reception of the fertilized ovum. If no fertilization occurs, 
the corpus luteum degenerates after about two weeks and the excess 
mucosa is carried away in the menstrual flow. A new one ordinarily 
appears in the course of the next menstrual cycle. In the event of fer¬ 
tilization, the corpus luteum undergoes no regression but performs the 
following functions: it (1) suppresses ovulation, (2) maintains a con¬ 
dition in the uterus essential to the development of the embryo, (3) inhibits 
uterine motility, and (4) in conjunction with ocstrin it indurrs mammary 
gland development. 

That the corpus luteum is a gland witli inner secretions, was sug¬ 
gested by the work of Fraenkel 71 (19031, who showed that with rabbits 
the removal of the corpora lutea shortly after ovulation terminates preg¬ 
nancy, or prevents the attachment of the ovum to the uterus. In 1928 
the American investigators G. W. Comer end W. M. Allen 72 made the 
important obscmitinn Hint, after the progestational changes have been 
prevented by the extirp/ition of the early corpus luteum, activity ran be 
restored by the use of rxtrncts of corpora lutea. Rabbits castrated shortly 
after mating and then given subcutaneous injections of surh extracts 
develop within n few days a progestational condition similar to that dur¬ 
ing early pregnancy. Implantation of the fertilized egg occurs and preg¬ 
nancy can be maintained to the point of normal birth. These experiments 
proved conclusively that the internal serretions of the corpus luteum con¬ 
tain a hormone which rontrols pregnancy. 

The fundamental work of Comer and Allen not only furnished the 
basis for the chemical investigations of the corpus luteum hormone, but 
nUn provided a convenient test method. Adult female rabbits required 
for the test arc enstrated at the proper stage of follicle ripening, as deter¬ 
mined by mating. The administration of n hormone extract produces 
nftcr the fifth day a progestational proliferation of the mucosa which is 
easily recognized by histological examination. The test of Comer and 
Allen affords a reliable means for the quantitative n«say of hormone 
preparations. Following other observations of these workers, CUuberg 72 
developed a modified test 74 which dispenses with castration and with 
histological controls. In place of the oestroua type of uterine murosa 
of the adult animal, a similar endometrium is produced artificially in the 

■> Fraenkel, Atrk. GtmntfoJ, OS, 438 (1803) 

» Vomer and W. M. Allen. Am J. PkytvA , 86,74 (1838); 88,326 (1628), W \f Allen and Corner, 
’bid , 88,840 (1828) 

11 C. ClaubrrVi "Dip neihliBlie flexualhnrmonr\ M Berlin (1033). 

M Butpnandt, U. Wnutphal and Hohlwog, Z. phytiol. f hem , 227, B4 (1034) 
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infantile rabbit by the administration of follioular hormone for six to 
eight days. This serves bb an indicator of the progestational activity of 
a preparation which is to be tested and the characteristic changes can be 
observed after the substance has been injected over a period of five days. 
Both methods are remarkably accurate, but care must be taken to exclude 
from the preparation submitted to test appreciable amounts of oestrin, 
for the follicular hormone has an antagonistic action when administered 
along with the corpus luteum hormone. 

Isolation and Properties. Following the investigations of Corner 
and Allen, the younger of these workers, W. M. Allen, developed methods 
for the extraction and concentration of hormone preparations which were 
of the greatest value in advancing the field.™ By 1932 physiologically 
active, if admittedly verv crude, crystallizates had been scoured from 
the corpus luteum by Allen T( at Rochester, and by the research groups 
of F. L. Hisaw 77 at Wisconsin and of H. K. Plotta ™ at Breslau. The 
preparations were active in doses of as little as 3 mg., but the degree 
of purity was not sufficient to permit a chemical characterization. 

The isolation of the pure hormone wa« beset with many difficulties 
The starting material was expensive and it contained only traces of the 
active principle. The hormone, particularly in an impure condition, was 
found to be very sensitive to alkalies and to oxidizing agents, and it is 
accompanied by chemically similar substances whose presence greatly 
complicates the problem. It was not long, however, before the isolation 
was accomplished. In 1934 the independent preparation of the pure cor¬ 
pus luteum hormone was announced from no less than four laboratories 
The first public report was made by Butcnandt ™ in an address delivered 
at Wiesbaden in April, and the details of bis work with WeBtphal and 
Ilohlwcg 74 were published in September. The Butenandt research group 
isolated two physiologically active dikctoneB, m.p. 1285° and 120", 
together with an inactive hydroxyketone, m. p. 194°. In July, Slotta, 
Ruschig and Fels 80 described the preparation from corpus luteum extract 
of closely corresponding substances, as shown by the melting points: 
128°, 119°, 186°. In August, Allen and Wintersteiner 81 announced the 
isolation, 82 in the laboratories of the Universities of Rochester and Colum- 

n W M Alim, Am J Phvnol , 92, 174, B12 (1030), 100,000 (1032), W M Allen ind R K Meyrr, 
•W, 100,50 (1933) 

■ W. M Alien, 1 Bui Chm, 90, 591 (1932) 
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Burl Med , 29, 620 (1932) 
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n WmtrnMner and W M. Allan, /. Burl Chm., 107,321 (1984) 



ISOLATION OF THE HORMONE 


M 

bis, of preparations melting at 128°, 121° and 190°. Hartmann and 
Wettstein, 88 working in the laboratory of the Gcflellschaft fur Chemische 
Industrie, Basel, published in July an account of the isolation of a crys- 
tallizate, m.p. 175-177°, which was taken to be an individual hormone; 
but they later (October) 84 recognized that this was an error and suc¬ 
ceeded in obtaining pure compounds melting at 129°, 120°, and 197°. 

While the observations of the various investigators were remarkably 
roncordant, there was at first some difference of opinion regarding the 
relationship between the two active diketones. The higher-melting sub¬ 
stance crystallizes in the form of prisms, the other dikrlonc forms needles, 
and it was evident that the substances arc closely related in chemical 
behavior. The two compounds give the same derivatives, and although 
at one time doubts were expressed 85 regarding the composition of the 
lower-melting substance, the various workers were soon in agreement 
in assigning to the two diketones the same empirical formula: C n H 10 0,. 
The only reported difference, other than in crystalline form and melting 
point, was with respect to the physiological nctivily. Slotta and his col¬ 
laborators, 88 who culled the compounds "luteostcrone C” and “luteos- 
teronc D,” Mated repeatedly that the substances differ decidedly in physio¬ 
logical potency and in the naturp of their action, and they regarded them 
aR distinct ehemical individuals. This observation however was not con¬ 
firmed by other workers. Butenandt and Schmidt ST reported that in a 
«.eries of qualitative and quantitative tests the two substances were prac¬ 
tically identical Using the Cluuberg test, they (with Ilohlweg) found 
the activity of either diketone to be one rabbit unit per 0 S-.75 mg. Win- 
terstoincr nud Allen, 1 ' 2 using the Corner-Alien test, found the nctivity of 
both compounds to be the same within the limit 1 * of experimental error 
and placed the minimal dose at 0 6-10 mg. Both the Danzig and the 
Americnn investigator's were inclined to believe from the start that the 
two crystallizatcs are simply polymorphic modifications* of the same sub¬ 
stance, and the excellent agreement in (heir bio-assays by two different 
methods removed all grounds for the contrary view. The rendy inter- 
conversion of the two forms 8S also speaks for polymorphism. A change 
sometimes occurs on the resolidification of a melt, but it is best accom¬ 
plished by crystallization. For example the prism form, m. p. 128°, sepa¬ 
rates when a solution in hot aqueous alcohol is allowed to cool very slowly, 

■ TTirtminn anil Wottstrin, Tlth HAmi lfta, 17* S78 (M34) 
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while the needle form, m. p. 121®, can be obtained by crystallization from 
pure, dry petroleum ether. 

It is clear that, within present knowledge, there is only one corpus 
lutcuui hormone. Fortunately the matter of assigning a specific name 
was the subject of little dispute. Slotta at first used the name luteoste- 
rone for the progestational hormone. Allen 75 (1830) had UBed the term 
progestin in connection with his purified extracts, and on isolating the hor¬ 
mone in a pure condition lie suggested that the name be retained. An 
agreement was soon ronelied between these and other interested investi¬ 
gators in the Bummer of I935. m The name progesterone was adopted 
for the pure hormone, the higher-melting and lower-melting polymorphic 
forms receiving (he specific designations a-propestcrone (m. p. 128°) and 
^-progesterone (m. p. 121°), respectively. The term progestin should be 
used only in a general sense somewhat similarly to oestrin. 

Although progesterone has been detected in the placenta 50 and in 
pregnancy urine, 01 these sources flu not appear to be practical, and all 
of the above investigators used as the storting material corpus luteum 
tissue from sow ovaries An advantage uf this source is that the ovary 
of the sow contains several coipora luteu, whereas with other available 
animals, as with lnininns, each ovary contains but one corpus luteum 
The ovaries from a single ‘■mv neigh about 12 g, and on cutting out the 
corpora lutea about 3 g. of yellow-body tissue can be obtained Since 
this amount of tissue yields only about 0 08 mg. of the hormone in a crude 
condition, it is clear that a great many animals are required. The prepa¬ 
ration of a purified extract for Butcnandt’s work was canied out by 
W. Hohlweg at the Schcring-Knhlbaum lnboratoi v, Berlin About 625 
kg. of ovaries from 50,000 sows yielded 12 5 g. of an extract which was 
active in doses of 3 5-5 5 mg. The pure progesterone fprism forml iso¬ 
lated from this extract amounted to only 20 mg • Thei e arc many losses 
in the final stages of purification; but considering only the purified extract, 
it may be said that 10-15 sows arc required to produce enough hormone 
to cause the chnrneteiihtic physiological changes in the uterus of a single 
rabbit 1 

The piocedures developed by Allen 77 (1030) for the preparation of 
purified extracts were largely employed by all of the investigators, as 
was his method for the removal of follicular hormone (1933). The 
lengthy but effective processes involve solvent extraction and various 
partitions between solvents. On distribution between petroleum ether 

» W M Alim, Butmnndl, Corner and Slotta, Srtmer, 82, IBS (1838), B«r, 68,1748 (1488); ATufurr, 
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and 33% alcohol, the corpus luteum hormone is found in the former layer 
while oeBtrin concentrates in the latter. After reaching a stage at whieh 
a concentration of one rabbit unit per 4-5 mg. has been attained, practi¬ 
cally all of the active material can be precipitated as the very sparingly 
soluble semicarbazone. Following hydrolysis, further purification can be 
accomplished to advantage by sublimation in high vacuum, hy selective 
adsorption, and by crystallization. The inactive hydroxyketone, m.p. 
194°, accompanies the hormone througli all of these processes and it is 
best removed as the acetate, whieh is distinctly less soluble in alcohol 
than the hormone. 

Progesterone is very sparingly soluble in water and readily soluble 
in the usual organic solvents. The pure mntcrinl is colorless and does 
not deteriorate on storage. Some of the properties are indicated in the 
table. 

Paopomns ok Progestehone 


Formula 

M p 

Physiol 
M» activity, 

1 rb. u. 

AbtoiphoD 

maximum 

Di oxime, 
m. p 

Cj,H a Oi. 

Prisms, 128“ 
Needles, 121° 

+ 1D2" 0.5 - 

210 nxfi 

243° 


10 mg. 



The Structure of Progesterone. The observation Unit progesterone 
(CjjHjpO*) and the inactive hydroxyketone (C^H^OJ differ in composi¬ 
tion only by four hydrogen atoms suggested that the latter is a hydro¬ 
genation product of the former, or that the two substances hare a com¬ 
mon origin, and that they are closely related in structure. A further 
obvious inference was that the substaiiccs bear some structural relation¬ 
ship to pregnonediol (G S1 I1,,,0 2 ), for this also contains twenty-one car¬ 
bon atoms. The inuctive hydroxyketone and pregnanediol indeed yield 
on oxidation saturated diketones of the same composition. The non- 
identity of these products was correctly interpreted as indicating that 
the substances are structurally related hut belong to different stereochemi¬ 
cal series. Progesterone is an unsaturated diketone, and it was inferred M 
from the position of the ultraviolet absorption band, in consideration of 
the work of Menschik, Page and Bnsscrt (page 152), that tin- ethylenic 
linkage occupies an a,j9-poBition with respect to a carbonyl group, A 
sterol-like structure was confirmed by X-ray studies of Neuhaus,*® work¬ 
ing with the Slolta group, and on the basis of these limited, but most 
suggestive observations, Slotta and his collaborators 83 proposed a for¬ 
mula for the hormone which very shortly was proved to be correct. Indeed, 

■ Slotta, RuMhii and Fell, Bar., 67,1021 (1984)! Wmtenrteincr and W. M. Allen, J. Bud. Chm., 107, 
821 (1984). 
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by November, 1934, a complete proof was available of the structure 
of a substance whose isolation had been reported in April of the same 
year. Because the amounts of the hormone available were extremely 
small, the preparative route was chosen for the investigation of the struc¬ 
tural problem. 

Preparation of the Hormone from Other Natural Products. The 

timely work of Femholz 04 on stigmasterol opened one avenue of approach 
which both Femholz and Butenandt were quick to utilize. In his investi¬ 
gation of the phytosterol from soy bean oil (page 170), Femholz had 
ozonized the acetate of stigmasterol 5 , 6 -dibromide and obtained, after 
debromination and hydrolysis, the unsaturated acid II. Butenandt, West- 
phal and Cobler u:i converted the ester of II through the diphenyl car- 
binol into the unsaturated diphenyl derivative III. In order to oxidize 
III at the newly-formed center of unsaturation without attacking the 
double bond at (VC,,, the latter linkage was protected by the addition 
of bromine. After acetylation, oxidation, debromination, and hydrolysis, 
the unsaturated hydroxyketonc IV was obtained. The conversion of the 
secondary alcoholic group of this substance into a ketonic group should 
give an unsaturated diketonc having the composition of the hormone, 
but at first attempts to oxidize IV gave only mixtures, although a definite 
physiological activity was delected in the unhomogeneous products. It 
was Boon found ,” 0 however, that the pure oxidation product is easily 
obtained when the unsaturated compound IV is converted into the 5,6-di- 
bromide, V, prior to oxidation. On removing the bromine atoms with 
zinc dust, a diketonc was obtained which was identical in every respect 
with natural progesterone. In view of the evidence that progesterone 
contains an a, 0 -unsaturated system, it is evident that on the regeneration 
of the double linkage from the dibromide the bond docs not appear at the 
original C s -C 0 position but in the conjugated position C 4 -C v A similar 
shift from the 0 , 7 - to the a, 0 -position has been established in the case 
of the dehydrogenation of cholesterol to cholcstenonc (page 115). By 
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a similar method, namely by heating, the subtlanre with copper oxide, 
Butenandt and co-workers converted the unsat united hydroxyketone IV 
directly into the hormone VI. This work completely establishes the struc¬ 
ture of progesterone as that of A 4 -pregncnedionc-3,2U (VI). To fit the 
optical evidence, the double bond must lie at either C,-C 5 or at 0,-Cj, 
and since in stigmnstcrol it is joined to C, (and 0,,) a shift to the former 
position is understandable and a migration to the other side of the ring, 
to (VC,, is excluded. 

At practically the same time as the work of the Butenandt group was 
announced, Fernholz DT reported the independent synthetic preparation 
of progesterone from stigmastcrol by exactly the same methods. The 
results arc in excellent agreement with those of Butenandt. 

In a paper antedating by a slight margin the complete accounts of 
the above work, Butenandt and Schmidt 90 described the production of 
pure progesterone by another method of pseudo-synthesis. Starting with 
pregnanediol from human pregnancy urine, the saturated diketonc (VII) 

" IrrohoU, Act., 07,lbIM, 2037 (1034) 
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obtained on oxidation was brominated and the product (VIII) was treated 
with pyridine to effect the elimination of hydrogen bromide. The unsatu- 



Prngnanedii mr Pro s^csl prone 


rated diketone was idcntiral with the corpus lutcum hormone. The bro- 
modiketone VIII was also prepared from prcgnnncdiol by a longer serieB 
of transformations in which pregnaiiol-20-nnc-3 (XII) 0< was tlie essen¬ 
tial intermediate. 
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There remains for consideration the structure of the saturated hydroxy- 
ketone which is found as a companion of progesterone in extracts of 
corpora lutca. The problem was solved by the synthetic production of 
the substance from stigmnstcrol by Butcnandt and Mamoli, 88 and later 
by Fcrnholz. 1 The actual starting point was 3-hydroxybisnoraIIocholanic 
acid (XIV), whirh Fcrnholz had obtained by the hydrogenation of 
3-hydroxybisnorcholenic acid (page 170). The >CHC02H group was 
degraded to >CO by the usual Grignard procedure, and the product (XV) 
proved to be identical with the natural hydroxyketone, m. p. 194°. This 
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may well arise in the organism by the hydrogenation o[ the unsaturated 
diketonc progesterone. Butenandt and Manioli 2 later found that alio- 
prcgnanol-3-onc-20 (XV) is i.somerizcd to a certain extent by alkali into 
isoaKoprcgnanol-3-onc-20, a stereoisomer melting at 148°. The change 
pan be in part reversed under the same conditions, and it is interpreted as 
being due to raccinization at the asymmetric carbon atom (C 1T ) in the 
a-po«ition to the carbonyl group. Both hydroxvketones probably have 
the same configuration at V since they arc precipitated by digitonin, and 
each yields a different diketonc as the chief product of oxidation. Iso- 
n//opregnnnol-3-oiir-20 give 1 * i^oaf/uprcgiunedione (m. p. 135°) and only 
a small amount of fiffopregnanedione (in. p. 200 5°). 

Tu the course of tlip above work Butcuandt anil Manioli made the 
striking observation that a/Iopregnanol-3-onc-20 aeetate and aHuprcg- 
nitnedinne-3,20 (but not the l^o-compoundsj very slowly form clmrac- 
♦eristic, sparingly soluble digitonidch trnm which the compounds may be 
regenerated. This is an exception to the rule that acetyl derivatives and 
ketones from sterol-like alcohols do not form stable molecular com¬ 
pounds with digitonin. 

The preparation of the iniictm hjdroxyketoiu t\V) of the corpus 
liiteum from S-hyilroxyhisnoralioeholauie acid proves that the substance 
belongs to the alio-series (rings AB.trails). Andrnsterone has the same 
configuration of the ring system, and dihvdrocholesterol, which occurs 
along with cholesterol but which is not absorbable by the organism, is 
likewise an aflo-compound. Pregnanediol belongs to the alternate stereo¬ 
chemical scries, and pregnanedione (m p. 123‘) differs from the oxida¬ 
tion product of the li>droxykctone (XV) of the corpus lutcum lollopreg- 
nanedione, m.p. 200.5°). 

ButenAndt and Mamoli 3 investigated the bromiuation of a/Iopreg- 
nanedione (XVI) with interesting results Whereas the (AB) cis isomer, 
pregnanedione, gives the 4-bromn derivative, which easily loses hydro¬ 
gen bromide and yields progesterone, the affodionc (XVI) is converted 

1 Butenandt and Mamoli. Bn , SB, 1817 (1035) 

■ H«m. Aid.,«, IBM (1085) 
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(rings A/K trans) 

into the 2-bromo compound XVII (probable structure). Hydrogen bro¬ 
mide is split from this hromo diketone only with great difficulty (potas¬ 
sium acetate at 180°) and the product is an isomer of progesterone. The 
new diketone has the absorption spectrum of an a,0-uusaturatcd ketone 
and the probable structure is that of A'-affopregnenedione, XVIII (alter¬ 
nate structure: A 10 -isoiner). It is a striking observation that the course 
of the bromination is dependent upon the stereochemical relationship of 
rings A and B. To investigate the generality of the reactions, Butcnandt 
and Mamoli 4 prepared the stcicnisomcric keto acids XIX nnd XX by 
standard methods and studied their reactions with bromine Exactly as 
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with tlie dike! ones, the ns compound XIX yields a 4-biomn derivative 
which easily loses hydrogen bromide, while the trans compound XX is 
brominated at the 2-posilion and the 2-bromo derivative forms an unsatu¬ 
rated compound with difficulty. Parallel results were obtained with 
eoprostanonc and cholestnnone. 5 Evidently the spatial character of the 
ring system is an important factor in determining the course of such 
reactions as bromination. 

Specificity of the Progestational Hormone. As compared with the 
other known sex hormones, progesterone is active only in relatively enor¬ 
mous doses. From such results as are available, the piegnaney hormone 
also seems to differ from the other hormones of the gonads in being highly 
specific. No other substance has been reported to respond to the Cnrner- 
Allen or Claubcrg tests. The unsnturated linkage appears to be an essen¬ 
tial feature of structure, for neither pregnnnedione nor olfopregnane- 

• Butanandt and Mamoli, Bar , 64, 1854 (1035) 

■ Butanandt and WftUf, ibid , 68, 2091 (1035). 
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dione has the progestational activity of the hormone (I). The double 
bond apparently must occupy a specific position, however, for A l -aUo- 
pregnenedione (II) is inactive up to 1 mg. in the Clauberg test. The 



various saturated and unsaturated hydroxyketones mentioned in the fore- 
going discussions are all inactive, as is the (3) -desoxyhormone.' Par¬ 
ticularly interesting is the case of the dihydro hormone III, which was 
prepared from prcgnanol-20-one-3 through the 4-bromo derivative. 7 
Although the reduction of the carbonyl group at this end of the molecule 
gives compounds of enhanced physiological activity in the case of oes- 
trone, androsterone, and nndrostcncdionc, both the free alcohol, III, and 
the ucetate appear to be quite inactive. 

Biogenetic Relationships 

In concluding this survey of the striking developments in hormone 
chemistry in the six-year period sinre the isolation of ocstronc in 1929, 
Ihc various indications regarding the probable mode of formation of the 
hormones from cholesterol are summarized in the chart on page 252 
Taken as a whole, the observations as to the structures and companion 
substances of the different hormones isolated from both tissue and 
unnnrv extracts form a remarkably consistent pirtme. In the first recog¬ 
nized phases of metabolism it nppears that the cholesterol side chain 
is subject to degradation at three different points. The elimination ol 
the isopropyl group bv oxidation (a), along with changes in the nucleus, 
can lead to the bile acids, while a rupture at either the one (b) or the 
other (c) side of the branching methyl group can alTord pregnenolone 
nnd dehydroihoandrosterouc. There is ample experimental analogy for 
the fiist and third types of oxidation in the methods cmplo\cd for the 
preparation of the cholnnic acids and of androsterone from saturated 
sterol derivatives. Although pregnenolone has not been discovered in the 
organism and is known only as a Bvntheticallv prepared transformation 
product, Butcnandt’s suggestion 8 that it is a probable intermediate in 
the formation of progesterone is supported bv thp isolation of an entirely 

1 Butrnandt and U Wrutphal, Bit , 67, 2086 (1*134) 

1 Butenandt and J«wef Schmidt, ibid , 67, 2002 (10Jt) 

1 liutonandt, Dsut mad. Wochsckr , 61, 823 (1035) 
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analogous unsaturated hydroxyketone, dchydroisoandrosterono, from 
male urine. Significant of the origin of dehydroisoandrosterone is the 
fact that it corresponds precisely with cholesterol in the location of the 
double bond and the configuration at C 8 . 

In the next step it is supposed that the unsaturated hvdroxykctones 
become oxidized or dehydrogenated to the unsaturated diketones andros- 
tenedione and progesterone. There is good experimental analogy for 
these reactions and indeed the direct dehydrogenatiun of pregnenolone 
lias been realized in the laboratory fButennndt). Although andrnstene- 
dionc has not been isolated as n natural product, ith existence as an inter¬ 
mediate compound in the metabolir series is stronglv indicated by the 
isolation of the analogously constituted progesterone. 

The fate of progesterone in the organism is indicated bv the isolation 
of the reduction products prcgnancdiol and a/Zopregnancdiol. Since the 
diols differ only in the configuration at Cr lt they probably arise from the 
cis and trans addition of hydrogen tn a C.-un saturated precursor, such 
as progesterone or pregnenolone. /W/c>prcgnanol-3-onc-20, the inactive 
saturated hydroxyketone found in the corpus lutcuin evidently i« an inter¬ 
mediate product of the hydrogenation That prcgnancdiol and af/opreg- 
nancdiol aTe found onlv in prognanr\ urine is a convincing indication that 
thev come from the hormone which controls pregnancy. 

That progesterone suffers hydrogenation in the organism lends con¬ 
siderable support to the hypothesis flluzieka, ButennndO that andro- 
stenedione similarly affords testosterone and androsteronc bv the addi¬ 
tion, in independent process, of two and of four hydrogen atoms, respec¬ 
tively. Androsteronc and r/f/opregnaunl-3-mie-20 are in the same state of 
hydrogenation and they are both n/Zo-rompounds reduced at C„ but they 
differ in the stercoehemical arrangement at the secondary hydroxyl group. 
Since androstcrone is an e/rf-enmpnund having the opposite configuration 
at C, from rholesterol, the lmnnone cannot arise directly from either 
cholesterol or dehydroisoandrosterone. The epimerization requires an 
intermediary phase in which the asymmetry at C> has been dcstrnynl by 
oxidation, as in androslcnedione. The existence of this unsaturatod 
diketone n< an intermediate would also provide a simple route to testo¬ 
sterone. 

The oostrogemr hormones have the same carbon skeleton as the male 
hormones except for the absence of the chaiaotcristic methyl group at C 10I 
and consequently they probably arise either from these substances or 
from common precursors. For a time it seemed possible that oestrone 
is a product of the dehydrogenation of androsteronc, but animal experi¬ 
ments expected to detect Biich a conversion have failed to sustain the 
view. The isolation of testosterone and oogtradiol has led to the adoption 
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of a simpler and more plaiuible hypothesis (Butenandt, Ruzicka). By 
the loss of the elements of methane, followed by cnolization, testosterone 
theoretically can give rise to oestradiol directly, and by the Bame process 
androstcnedione can yield oestrone. The observation that androstene- 
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^niirostonpilionr 



Oestradiol, 
Ocsl runt* 


dione gives an ocstrous response in certain test animals (Butenandt) lends 
some support to this view, but it is possible that the result is due to an 
oestrogenic activity inherent in the unsaturated diketonc rather than to 
its conversion into oestrone in the organism. The seemingly paradoxical 
occurrence of oestrone in male urine along with androsterone finds a 
simple explanation in the hypothesis that both hormones originate from 
androstcnedione. There is no indication of the occurrence in the male 
genital glands of oestradiol, the true ovarian hormone. There may be a 
direct route between oestradiol and oestrone, and it is possible that these 
substances do not arise by independent mechanisms but that the oestrone 
of urine comes from oestradiol by oxidation, or else that oestradiol is 
formed from androstcnedione through oestrone rather than testosterone. 

The conversion of oestrone info oestriol 1ms not been realized experi¬ 
mentally, although the reverse chan etc has been accomplished. Possibly 
the transformation in the organism involves the hydration of the enolic 
form of oestrone. At all events the triol found in human pregnancy urine 
appears to lie a secondary product, and this is true also of cquilin, hippulin, 
and equilenin from the urine of pregnant mares. The observation of 
Dirscberl that equilin ran be converted into equilenin with a suitable 
eatalyst lends weight to the view tlmt the compounds of the equilenin 
group represent successive stages in the dehydrogenation of oestrone The 
partial aromatization of the original eholane ring system in the organism 
is of interest in connection with the cancer problem. The occurrence of 
hormones having one and two aromatic rings suggests the possibility of 
the formation in the animal body of polynuclear aromatic hydrocarbons 
akin to the synthetic substances of demonstrated carcinogenic activity, 
although there is no evidence that such changes occur. Equally specula¬ 
tive is the idea that the function of the two angular methyl groups of the 
sterols may be to retard the aromatization of the ring system. 

Probably the genetic series can be further elucidated by the search for 
additional intermediates of metabolism and by physiological experimen¬ 
tation. Although the known facts all conform nicely to a general mech- 
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Minin of oxidation and reduction which appears in bo simple and reason¬ 
able, views regarding the origin of the hormones have in the past been 
so subject to rapid change with new discoveries flint it is far from certain 
that the final verdict has been reached. 

The many structural relationships among the hormones and between 
these substances and cholesterol provide abundant evidence of a circum¬ 
stantial nature that the hormones actually come from rholestcrnl and do 
not arise by independent biosynthesis. It would be very difficult to 
explain in terms of the alternate view the exact correspondence in struc¬ 
ture and configuration between dehydroisoandrostcrone and cholesterol 
or to understand why an organism requiring testosterone should aIbo syn¬ 
thesise dchydroisoandrosterone. By inference it appears likely that the 
bile acids arc also products of cholesterol metabolism. The acids of the 
bile can hardly come from cholesterol through dihydrocholesterol, the 
normal product of hydrogenation in body tissue, for they belong to the 
roprostunc rather than to the cholcstane series. The configuration at C g 
also is the opposite of that of cholesterol and dihydrocholesterol, and con¬ 
sequently it is rlcur that the conversion of cholesterol into the various bile 
arida would involve both an allonicrizntion and an epimerization, m 
addition to the shortening of the side chain, the saturation of the mole¬ 
cule, and such further hydroxylation as is required. In analogy with the 
relationships indicated between the hormones it seems entirely possible 
that both stereorhemirnl inversions occur through the intermediary of an 
oxidation product similar to androstenedione and progesterone, namely 
rholestenonc or 3-kcto-A 4 -rlu>lonic acid. It is significant that ketocho- 
lnnic acids have been discovered in bile, and that the biological reduction 
of coprostanone and of triketocholanic acid has been demonstrated experi¬ 
mentally (Chapter IV). 

As for the origin of cholesterol in the body, nothing is known except 
that the substance is a product of synthesis in the animal organism. 
Interesting but entirely speculative suggestions have been advanced 
regarding the possible formation of cholesterol from squalene 8 or from 
carotene. 10 The replar appearance of a hydroxyl group ul the charac¬ 
teristic Opposition not only in the rase of the sterols, bile aculs, and hor¬ 
mones, hut also in nearly all of the natural products described in the suc¬ 
ceeding chapters of thiB book, suggests either a regular building principle 
or a special characteristic of this position The greater reactivity of 
functional groups at C, as compared with the same groups at Cr or C,„ 
suggests that the cholanc ring system may be more susceptible to oxida¬ 
tion or hydroxylation at 0 than elsewhere in the molecule. 

1 Vmuthelovin. Chanutru and Inrfu'fry, S3, SOS (I'lll), K UulniiMm, <M , 53,1M>J (M34). Mmcouoi, 
BvU Me rhm bio!, 17, 309 (1035) 

» Bryant, Chemistry and Industry, 54,007 (1935). 



Chapter VI 
Heart Poisons 

There are two groups oi natural poisons which arc characterised by 
the highly specific anil powerful action which they exert on the cardiac 
muscle when injected intravenously. One type is a product of plant 
synthesis, while the other is elaborated in the organism of the toad and is 
found in the skin secretions of the animal. The plant heart poisons are 
glycosides, and on the hydrolysis of such a substance there is obtained 
as the sugar-free moiety a hydroxyl ated polynuclear compound known as 
a cardiac aglyconc or genin. The use of the latter term is based upon 
the names of some of the mnnherb of the group. For example, the glyco- 
sidic poison digitoxin yields on hydrolysis an aglycone known as digitoxi- 
grnin. The characteristic cardiac-stimulating, or cardiotonic, quality of 
the poison is derived from the special structure of the aglycone part of 
the molecule and the sugnr group or groups have only a modifying influ¬ 
ence. Tlie toad poisons also contain in the molecule a hydroxylated 
polynurlear moiety conjugated not with sugars but with suberylarginine. 
It is now known that the two type? of grains are related in structure as 
well as in their physiological properties. 

It was only after extensive investigation that the true chemical nature 
of these complicated natural products became apparent, and the pictur¬ 
esque names assigned to the compounds reflect their origin or their 
characteristic physiological property but have no chemical significance. 
As a consequence the terminology employed in the liternturc for the 
description of derivatives and transformation products is unavoidably 
cumbersome. 

Cabdiac Glycosides 

As stated above, the poisons of this group have in common a charac¬ 
teristic influence on the activity of the heart. Very small doBes of these 
materials con exert a beneficial action on the diseased organism by stimu¬ 
lating tbc heart to greater contraction^ activity and thus quickening 
the pulse; too large doses lead to severe injury and eventually to the 
stoppage of the heart in systole (condition of contraction). The active 
principles occur in various plants having a wide geographical distribution, 
particularly those of the order Apocynaceae. Others have been found in 
the Scrophidariaceac, TMiareae, and Ramncvlaceae. Many species grow 
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in tropical regions and have been used as a source of arrow poisons. 
Digitalis plants, such as the foxglove, were used in the preparation of 
poisons for the medieval ordeals, and drugs made from the dried leaves 
of the plants have long been used as remedies. Digitalis was first 
employed for the treatment of dropsy in 1786 by the English physician 
William Withering, and the use of the drug in heart therapy has met 
with some spectacular successes. In the words of Cushny, 1 “digitalis has 
long been the sheet-anchor in treatment of diseases of the heart.” The 
pharmaceutical preparations of digitalis come from the seeds and leaves 
of Digitalia purpurea (purple foxglove). The sea onion or squill (ficilla 
maritima), a bulbous herb of southern Europe and northern Africa, was 
used as a medicine by the anrient Egyptians and Romans. It has been 
employed as an expectorant, n cardiac stimulant, a diuretic, and a rat 
poison. Rtrophantliux species, such ns Sir opium thus kom.be, S. hispid us, 
and S. gratus, have been used in tropical Africa in the preparation of 
arrow poisons, the drug being obtained from the seeds and bark. Certain 
Afnean tribes have employed the root of the uzura as a drug (uzurun). 
Some idea of the great potency of these substances is given by the fact 
that 0.07 mg. of strophantliin is sufficient to cause the heart of a 20 g. 
mouse to stop beating within a few minutes after injertion. 

The chemieal investigations of the active principles of the digitalis 
plants date from the early part of the nineteenth century (Dcstouches, 
1808; Homollc mid Quevenne, 1842). In 18(59 Nat ivelic lor the first 
time isolated a crystalline glycoside (digitalin) in a fairly pure condition. 
In the following years the chief contribution!) to the problem of isolation 
were made by (iennan chemists, particularly by Rchmicdeberg, Cloetta, 
Kilinni, and Krnfft. The work of Windnua, undertaken in 1915, furnished 
the first insight into the structural character of the plrv siologically artive 
substances, and the extensive investigations (1922-1934) of W. A. Jacobs 
of the Rockefeller Institute, New York, provided a sound foundation for 
the eventual solution of the major problems of structure. 8 

The chemistry of the cardiac glycosides presents points of cxtiaor- 
dinary complication, ns will he appreciated from the discussions given 
below, and materials suitable for investigation are by no means easily 
obtained. The drugs arc rare anrl expensive, they often are of variable 
character, and the poisonous principles are present in very small quanti¬ 
ties. Several physiologically active and closely related substances often 
occur together in the same plant, and the inactive saponins, digitonin and 

1 A Cnshny, "Pharmacology and Therapeutic*.’ 1 10th Ed, rented by C W Edmunds and J 
A Gunn, pp 475-507 (10341 Bap rIro Cu*hnv, "Digitalis and its \ILiu*,” Longman*, Green and Co, 
London (1(125) 

_ "For a survey of the early work, see W. A Jacob*, "The Cheniutry of Hip Cardiac Glurwidca,” 
PAynof. Ret , IS, 222 (1033) 
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gitonin, are Irequcutly present and arc extracted along with the cardio¬ 
tonic substances. It is-usually a matter of great difficulty to carry the 
purification beyond the stage of an amorphous mixture of related com¬ 
pounds, or of mixed crystals. The plant heart poisons are all glycosides, 
and some of them are extremely sensitive to the hydrolytic action of 
acids, bases, or cnxymeR. The ‘‘melting points” are really points of 
decomposition and they arc only roughly characteristic and afford no 
sure indication of identity or purity. 

The methods of extraction and purification vary with the source and 
with the special properties of the individual compounds. The glycosides 
are all soluble in water and alcohol and sparingly soluble in non-hydrox- 
ylic solvents. The dried and powdered seeds, leavcB, or roots often arc 
first extracted with ether or ligroin in order to remove fats and rcsinB. By 
exhaustive extraction with methanol or with 70% ethanol the glycosides 
arc brought into solution, leaving a residue consisting largely of cellulose. 
The alcoholic solution is evaporated in vacuum to a thick syrup and this 
is taken up in warm water. A crude glycoside mixture often separates at 
this point if the solution is allowed to stand for several days, but it usually 
is advisable to intioducc other purification steps. Snpouins ran be pre¬ 
cipitated by the addition of basic lead acetate, and the excess reagent is 
then eliminated from the filtrate by the addition of either Bulfuric acid or 
sodium phosphate. Extraction of the aqueous solution with ether or 
chloroform removes tars without the loss of physiologically active mate¬ 
rial from the water layer. After clarification by these methods, the 
glycosides can be caused to separate by saturating the water solution with 
solid ammonium sulfate. 

For use as pharmaceuticals, it is desirable to obtain the cardiac glyro- 
sides in the condition in which they occur in the plant, but the genins or 
aglycones obtained on the hydrolysis of the glycosides are of much more 
importance to the problem of structural determination. Treatment with 
hydrochlorir acid effects the complete hydrolysis and gives an aglyconc 
and one or more molecules of a sugar, or sugars. The more important 
glycosides, together with tlieir products of hydrolysis, arc listed in the 
table. It should be noted that two or more glycosides may yield the 
same genin. k-Strophanthin (purest form: k-strophanthin-/8), the chief 
gluroside from Rtrophanthvs Itombf Beeds, i« cleaved to strophanthidin, 
glucose, and cymarose: 

C.U.A. +211,0 + C]|HbOi + CfHiiO« + 0,11,0. 

k-Stmphnnthin Strophanthidin Glucose Cymarose 

Cymarin, from Canadian hem]), 1 yields the same genin and cymarose: 

1 WindauB kbs d Hermann!, Btr , 48, 979, 991 (1918). 
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C.HuO, + H,0 ™ -► CmH«0, + c,n I 4 o t 

Gymarin Btr iplianthidin Cy morose 


k-Strophanthin and cyinarin differ only by a glucose unit, and it has been 
found possible to convert the one substance into the other by partial 
hydrolysis with an enzyme (strnphanthobiasc, from Strophanthus arur- 
monti seeds) : u 

CaHiAi + 11,0 Bn,yu ">C^4iO, + CflluO, 

k-iStropluvnthin Cymuin Glucose 

The two sugar residues in k-strophanthin are known to be joined together, 
and it is the linkage between the biose unit and the genin which is first 
cleaved by hydrochloric acid. 

Hydrolytic enzymes frequently occur in the plant along with the 
glycosides, and only by taking special measures to inactivate the enzyme 
is it possible to isolate the genuine hrart poison in unaltered form. This 
has been demonstrated particularly in the elaborate investigations of 
A.. Stoll 15 and his collaborators at the Swiss firm of Sandoz. Previous 
investigators had isolated from Digituhs purpurea and Digitalis lanata 
the closely related glycosides digituxin, gitoxin, and digoxin, and they 
were generally regarded as the original glycosides of the plants. Using a 
special "enzyme hindering'’ process of extraction which prevents secon¬ 
dary changes, Stoll wns able to isolate natural precursors of enrh of the^c 
substances, namely the three digilanidr> (A, B, and Cl. These sub¬ 
stances occur together in the leaves of I). lanata, they decompose at 
exactly the same temperature (245-248 r ), they form mixed crystals, and 
a separation was achieved only by an elaborate process of partition 
between various solvents. Each of the genuine glycosides ran be con¬ 
verted into a known genin and the other hydrolysis products indirnted in 
the table (page 259), and partial hydrolysis by means of enzymes gives 
the previously known digitoxin, gitoxin, and digoxin by loss of one mole¬ 
cule each of glurose and of acetic arid. The older glycosides were thus 
recognized as progenins, rather than natural glycosides. The two-step 
hydrolysis to a progenin, acetic acid, and glucoRe can be accomplished 
in either of two ways by the careful use of dilute alkali and of the enzyme 
digilanidasc extracted from digital^ leaves, as Bhown on the next page. 
A similar partial enzymatic hydrolysis of a bioside was accomplished in 
the case of srillarcn A from squills, the glurose unit being the first elimi¬ 
nated. ta 


“ Jamba anil Hoffmann, / Biot (Worn ■ #9,153 (1038). 

<• Stall and Koala, Brio Chm Ada, 18,10W. 1380(1088); Stoll, Knitand A. Hofmann, i pftMiol. 
Clhaa^ 222,34 (1033), 17, 302 (1034), IS, 130 (1038); Stoll. A. Hoffmann and Knia, f pkyaiot. Cftrai, 
318,240 (USB). 
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With the exception of glucose and rhamnose, the sugars resulting from 
the hydrolysis of the plant poisons have not been found elsewhere. Digi- 
toxose was recognized by Kilinni (1922) as a 2,G-dcsoxyhexose and the 
configuration was established by Micheel. 10 Digitalose is probably the 
2-methyl ether of a methyl pentose (Kihani). Cymarosc was regarded 
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by Windaus and Hermanns 17 as a monomethyl ether of digitoxosc. 
Elderfield 1S established this relationship and located the ether group at 
Cm. Jacobs and Bigelow 10 consider sannentose (C7H14O4) to be the 
methyl ether of a desoxy sugar. When a genm is lmkcd to a desoxy 
sugar, hydrolysis of the glycoside occurs with great readiness. Other 
sugars can he detached from the genin nucleus only under conditions of 
hydrolysis so drastic as to promote berondary changes. The secondary 
change usually consists in the splitting off of one or more molecules of 
water from the genin with the formation of n mono-, di- or tn-anhydro 
compound according to the number oi alcoholic hydroxyl groups elimi¬ 
nated. For example the true genin from uzarin has not yet been obtained, 
for under the conditions of the acid hydrolysis a molecule of water is 
eliminated with the formation of anhydro-uzarigenin. Ouabain has not 
yet yielded a genin, although it is possible from other evidence to infer 
the composition of the hypothetical ouabagenin. In this case the secon¬ 
dary changes are more profound (loss of one carbon atom). 

U Mioheri, Bit., 03,847 (1930) 
w Wmdaus and nmnuun, ibtd . 48,070 (1016) 

■ Bldflrfidd, S. Bui. Chm Ill, 527 (1D35) 

» Jacobs and Bicelow, Aid., 06,366 (1032). 
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The ready dehydration of the genins under the influence of mineral 
acids has been the source of some confusion. The glycosides digitalin 
and olcandrin were found to yield on hydrolysis the same aglycone moiety 
(CaaHjoOa), and this was called "digitaligcnin” and regarded as a true 
genin. Windaus and Schwarte 8 later obtained the same substance by 
heating gitoxigenin (Cn a H 34 0.i) with alcoholic hydrochloric acid, and they 
were able in this way to recognize the supposed genin as dianhydro- 
gitoxigenin. 

The Structures of the Aglycones. The determination of the struc¬ 
tural formulas of the geninB was an arduous and perplexing problem, and 
there was no adequate working hypothesis concerning the nature of the 
complex molecules to guide the work which paved the way for the even¬ 
tual solution. Windaus rontrihuted much to the development of the field, 
but the foundations of the chemistry of the rardiuc aglycones were worked 
out largely in the laboratory of W. A. Jacobs. Following the develop¬ 
ments in the sterol-bile acid field, the cardiac substances were finally 
related to these other natural products in 1934-1935, and the information 
which had acrumulated from the earlier, “blind” work was bo extensive 
and so ncruratc that the complete structures of the more important agly- 
concs could be interred by accommodating these data to a sterol-like ring 
system. In this way the major problems were soon solved. The final 
unravelling of the structures was the work of W. A. Jacobs and R. C. 
Elderfield, of R. Tschesche in Windaus’ laboratory, and of A. Stoll. With¬ 
out making experimental observations of his own, G. A. R. Kon of the 
Imperial College, London, contributed to the problem by reviewing the 
early work in terms of the newly established carbon skeleton of the 
sterols . 20 

From the formulas given in the table on page 259 it will be seen that 
with the one exception of scillaridin A, the cardiac aglycones are C 23 -com- 
pounds, mainly of the formula C 23 H 34 O (M) . Scillaridin A possesses 
certain special features of structure and it will be considered separately, 
after reviewing the chemistry of the aglycones of the digitalis-strophan- 
thus-uzara group. The structures of four of these substances are now 
known with a close approach to certainty, and it will facilitate the dis¬ 
cussion to employ the accepted structures in surveying the evidence on 
which they are based. The simplest substance of the group is digitoxi- 
genin, and the striking relationship to the Btcrols is at once apparent 
from the formula. There is a secondary hydroxyl group at Ct, angular 
methyl groups are located at the usual 10 - and 13-positions, and the car- 


* Rov’rw RTtirin' Twb^vhe, t nngrw Chm , 47, 720 (1034); Z vhynol Chm , 229, 210 (1034); 
Jacobs and Elderfield, J Bid Chm , 108,407 (1023); Kon, Chamairy ana IwAuatry, 53,508,056 (1034); 
Kon, Chtmual Hoeuty Annual Rrporta, 31, 2L3-23S (1025), Eldprlela, Chemical Jhnuvi, 17, 187 (1D35J. 
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bon atoms of the lactone ring at C ]7 confoim to the pattern of this part 
of the sterol side chain, there being one carbon atom less than in a 
bile acid. The unsaturated lactone ring is perhaps the most distinctive 
feature of structure, and in addition there is in digitoxigenin a tertiary 
hydroxyl at C14. Gitoxigenin differs only in having an additional (secon¬ 
dary) hydroxyl group at Cm in the five-mcinbered ring. Periplogenin is 
isomeric with gitoxigenin, the hvdroxvls being located at Ci, C-„ and C14. 
The number and arrangement of the hydroxyl groups is exactly the same 
in the strophanthidin molecule, but this substance is unique in having an 
nldeliydic group at Ci 0 instead of the usual methyl group. Because of 
the extra functional group, strophanthidin is capable of undergoing a 
greater variety of transformations than the other aglyconcs, and the 
chemistry is more complicated. Most of the work of Jacobs and his 
collaborators vas on strophanthidin and, as events have shown, the 
greater opportunity for manipulating the molecule eventually furnished 
indispensable information, although for a time the multifold transforma¬ 
tions presented a most perplexing problem. 

Strophanthidin: the Functional Groups. The aldehydic character of 
strophanthidin was not at once apparmt. Since the aglycone forms an 
oxime but docs not reduce Folding's solution 21 it seemed possible that the 
carbonyl group is present in a ketonic linkage. The aldehydic nature of 
the group was shown by its conversion to a carboxylic acid group on 
oxidation of the aglycone with permanganate in acetone solution to 

>> Inruba and fnllim. J. Biol Chrm , 65, 411 (1125) 
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strophanthidinic arid (II), which contains one more oxygen atom than 
strophanthidin (I). 21 * 22 It is worthy of note that although the secon¬ 
dary alcoholic group at Ca and the double bond in the lactone ring arc 



Strophanthidonir ester 


DihydrostrophaDthidinic acid 


vulnerable points of attark by oxidation, only the aldehydic group is 
affected by neutral permanganate. Once this change has been accom¬ 
plished, the secondary alcoholic group can be oxidized with the use of 
chromic anhydride, as shown by the conversion of strophanthidinic ester 
to strophanthidonic ester (II->III). ZS Strophanthidin forms a mono¬ 
acetate and a monobenzoate, and since strophanthidonic ester (III) 
forms no such derivatives, the observations identify the hydroxyl group 
of strophanthidin responsible for the fonnation of aryl derivatives as a 
secondary alcoholic group. 

Of the two unsaturated centers in strophanthidin, the first to be 
attacked on catalytic hydrogenation is the double bond in the lactone 
ring, the product being the dihydro derivative, IV. 24 That the aldehydic 

■ Jacobs, J. Biol Che ST, 5M (1B23), at first assigned to the acid (CmTIoOi) the formula CpHaOy. 

■ Jacobs and Gustus, Aid., 74,705 (1027). 

» Jacobs and Uridelbergtr, Aid., 54,253 (1022). 
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group is still intact is shown by oxidation of the dihydro compound to an 
aoid, V, with permanganate in acetone solution. The resistance of the 
aldehydic group to reduction is further shown by the fact that it is only 
with great difficulty that dihydrostrophanthidin (IV) can be converted 
by catalytic hydrogenation into the corresponding —CHjOH compound. 1 ' 
The lack oi reactivity of the aldcliydic group doubtless is due to steric 
effects, for the group is attached to a quaternary carbon atom. 

Strophanthidin reduces Tollcns’ reagent in pyridine solution, and Bince 
dihydrostrophanthidin does not respond to the test it con be roncluded 
that it is the unsaturated lactone ring and not the aldehydic group which 
is responsible for the observed effect. This is one reason for placing the 
double bond in the lartone ring, the presence of which is demonstrated 
by titration experiments. The presence of two tertiary alcoholic groups 
is best demonstrated by their elimination under dehydrating conditions, 
as will be described Inter. 


The Lactone Ring: 



In addition to the test with 


Tollcns’ reagent, much use has keen mnde of a color reaction discovered 
by Legal in 1883 20 A pyridine solution containing strophanthidin and 
sodium nitrnprus«idc rapidly acquires a deep red rolor on adding a few 
drops of alkali 27 Dihydrostrophanthidin does not give the nitropruRside 
reaction, and the Legal test is negative with all other derivatives or trans¬ 
formation produrts which no longer contain the double bond. The test, 
on the other hand, is charnrtcriHtir of all of the aglycones of the digitalis- 
strophonthus group, and of their laetonc-unsnturated derivatives. In 
model experiments with the angelica lactones, Jacobs, Hoffmann and 
Gustus 28 found that the color reaction is typical of 0,y-una at united y-lae- 
tones having an a-hydrogen atom (I). The test is negative when the 


f a 



Positive Legal test 


CH=^CH 

Jm joo 

Negative 


H, 


Ctt—C(CHj), 

Negative 


double bond is hydrogenated, or when it is transposed to the a,/9-posi¬ 
tion (II). The lactones which respond to the test also have an active 
hydrogen atom, as Bhown by the Zercwitinoff determination, probably 
because of enolisation from the a-position. On replacing both a-hydrogen 


■ Jacobs, J Biol Chem , W, 510 (1030), 

M liana Mayor, Analyse u Knnatituhonapnnitteluni, 5th Ifid, p 448 (1031). 
w Jacobs and Hoffmann, S. ffial Ckm , 87,333 (1026), 

■ Jacobs, Hoffmann and Qnstiu, ibid , 70,1 (1026) 
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atoms with alkyl groups (III) both the tests of Legal and of Zerewitinoff 
are negative, and it appears that the color developed with nitropruBside 
is due to a labile hydrogen atom in the a-position. 

Studies of the hydrogenation of the angelica lactones 311 were of 
further diagnostic value. A flj-unsaturated lactone substituted in the 
y-position (I) is hydrogenated only with cleavage of the lactone ring, 
giving the normal nnd; but if the substituent group is located in the 
/8-position, the double bond is saturated without cleavage of the lactone 
ring. Since strophanthidin ran be hydrogenated without cleavage, it 
must contain a ^-substituted, /8,y-unsaturated y-lactone grouping, and 
this provides a very substantia] reason for considering the Inctone ring to 
he attached to the ring system through the /3-carbon atom. 

The unsaturated lactone ring is intimately associated with the phj bio¬ 
logical activity of strophanthidin and the other aglycones of the srrics, and 
it ib sIbo responsible for a remarkable, and general, isomerization. The 
lartone ring opens when strophanthidin is dissolved in alkali, and the 
product which separates on acidification is quite different from the start¬ 
ing material and is railed isostrophanthidin. 30 This is a saturated sub¬ 
stance and it no longer reacts with sodium nitroprusside. The double 
bond is involved and it can be shown nlso that the tertiary hydroxyl 
group at C ]4 plays a part in the isomerization. The change has been 
represented as indicated in the acrompanying formulas. The sub- 



Strophanthidin (a) (b) (r) Isiistinphunthidin 


stance (a) resulting from the opening of the ring is the enol form of an 
aldchydic acid (b). The aldehydic group next combines with the con¬ 
veniently located Cu-hydroxyl to produce a S-lartol ring (r), and the 
arid liberated on acidifying the salt is a y-hydroxy acid and it promptly 
lactonizcs, giving isostrophanthidin. This lengthy sequence probably 
indicates all of the possible steps, but it is known that, under certain 
conditions, the reaction can take a simpler roursc. The best method of 
effecting the isomerization consists in treating strophanthidin with alco¬ 
holic alkali and within a short time diluting the solution with water. 
Most of the isostrophanthidin separates at this point and only a small 
amount of material is left in solution as the sodium salt (a, b, c). In this 

» JaaolH and Scott, J Bui Chem , 87, 101 ( 11 ) 30 ), 93,119 ( 19 * 1 ) 

" Jacobp »nd Collim, ihd , 81,3*7 (10M) 
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case the original lactone ring does not open and the new oxide ring prob¬ 
ably is formed by the direct intramolecular addition of the Cu-hydroxyl 
group of strophanthidin to the double linkage. 

The opening of the unsaturated lactone ring appears to be an irrever¬ 
sible process, for strophanthidin cannot be regenerated. Isostrophan- 
thidin dissolves in alkali with the opening of the saturated lactone ring, 
and the solution probably contains the forms (b) and (r), and possibly 
(a), in equilibrium. Sodium liypobromite appears to act selectively on 
the lartol form (c), converting the lactol group to a lactone ring and 
leaving the Cip-aldehydic group intact, as shown in formulas IV and V. n 


/CHjf'OOH 

♦CH 

pHjI VlIOH 


/CHjC’OOII 

*CH 

1«Oo 


r izj 


HOOC 

ri 


OH (V) 


CIIiCOOH 

*OH 

S u <lVoOH 

U 


on (VI) 


lsostiophnnthulin a-hostiophanthirhr ac-lso^roplianlhic 

:u*nl (lartol tonn) arid arid 


This oxidation is possible only after saponification of isostrophanthidin. 
Potassium permanganate attacks the Ci 0 -aldchydic group of a-isostro- 
phanthidic acid (V) giving a-isostrophanthic acid iVl), the lactone ring 
opening under the conditions of the experiment. 80 * 31 The same substance 
is obtained directly from isostrophanthidin acid by reaction with per¬ 
manganate. It should be noted that the compounds of the iso-series con¬ 
tain a center of asymmetry ( # C) not present in the strophanthidin com¬ 
pounds, and they can exist in stereoisomcric a- and ^-modifications. 
Several such isomers have been isolated and some, blit not all, of the pairs 
are partly interconvertible with alkali. 

The above sequence of reactions indicates the presence in saponified 
isostrophanthidin of two oxidizable aldehyde-like groups, but there is a 
better proof that an aldrhydic or latent aldehydic group is liberated on 
hydrolysis of the lactone ring in the i^o-series. In order to prevent the 
aldehydic group at Cio from obscuring tests for the similar group in the 
side chain, it is first converted into a carbomethoxy group. 32 To obtain a 
suitable compound, strophanthidinic ester (VII) is isomcrized by dis¬ 
solving it in alkali and precipitating with acid, giving a-isostrophanthi- 
dinic ester (VIII). The ester group at Cio, being tertiary, is not hydro¬ 
lyzed in the process. The lactol ring of VIII can be saponified without 

11 Junta nd OustuR. J Biol. Chem. t 74, 805 (1027). 

"Idem, ibid, 74,811 (1027). 
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affecting this ester group at Cm, thus providing a-isostrophanthidindiacid 
monomethyl ester (IX), and the dimethyl ester (X) obtained on esterifi¬ 
cation forms b nicely crystalline scmicarbazone. This definitely proves 




a-lHostrophanthidindiacid a-Isostropkrtnthidindiund 

monomMhyl re tor dimethyl retrr 


the presence of a newly formed carbon) 1 group, and the oxidation of X to 
an arid containing one additional oxygen atom (a-isostrophnnthic arid 
dimethyl ester) shows that this iB aldehydic in character. 

Although the transformations which the complicated nglveoncb arc 
capable of undergoing are far from simple, and although the unavoidably 
awkward terminology adds to the difficulty of following the changes, the 
evidence presented establishes conclusively the structure of the unsatu- 
rated lactone ring common to nil of the aglycones of the gioup. 

The Location of the Hydroxyl Groups. Accepting for the moment 
the complete establishment of the carbon skeleton of strophanthidin, 
there are ten possible positions in the nng system for the accommodation 
of the secondary hydroxyl group and five positions available for the two 
tertiary hydroxyl groups. A choice between the many possibilities can 
be made, however, without the use of reference compounds and purely by 
virtue of certain interrelations and interactions between the various func¬ 
tional groups. 

It was shown above that in the isomerization of the strophanthidin 
compounds by alkali a tertiary hydroxyl group enters into combination 
with the unsaturated lactone ring, indicating that this group is in the 
proximity of the lactone ring and probably at Cb or Cn. It can be diown 
that this same hydroxyl group is the one most easily eliminated on dchy- 



THE HYDROXYL GROUPS 


dration. With strophanthidin itself there is a complicating, secondary 
change, but the behavior of strophanthidinic ester (I) provides a clear 
illustration of the point. 1 * When this is treated with alcoholic hydro¬ 




chloric acid a monoanhydro compound (II) is easily formed. The 
anhydro compound, unlike I, is inrupable of forming an iso-compound, 
from which it can be concluded that the hydroxyl group first lost is the 
one which ordinarily participates in the isomerization. 

Another important relationship can be established between the secon¬ 
dary hydroxyl group which alone is amenable to acylation and one of the 
tertiary groups. 2 '* When the secondary alcoholic group is transformed to 
a ketonic group, as by oxidizing struphanthidinic ester to strophanthi- 
donic ester, one of the remaining hydroxyls becomes very labile and can 
lie eliminated by moderate heating. The labilized hydroxyl is most 
clearly identified by the following further changes of anhydrostrophan- 
thidinic ester, II, described above. In this substance the hydroxyl (C 14 ) 



responsible for the isomerization reaction iB known to be missing, but the 
ketone (III) obtained on oxidation has a characteristically labile 
hydroxyl (C s ) which is easily lost on heating. The ketone III is identi¬ 
fied by this behavior as a 0-hydroxy ketone, and it is clear that in the 
original aglycone there is in the 0-position with respect to the secondary 
hydroxyl (C B ) a tertiary group (C 3 ) different from the one (Cm) asso¬ 
ciated with the unsaturated lactone ring. 

The aldehydic group (Cio) forms a further point of reference in the 
molecule. By the action of concentrated hydrochloric acid, strophBn- 
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thidin can be converted into the iaomeric substance pseudostrophanthidin 
(VI) . u From the fart that this forms no iso-compound it can be con¬ 



cluded that the tertiary hydroxyl usually eliminated under the influence 
of mineral acids has in thi« instance participated in some other change. 
This is indeed the ease, for the other two hydroxyls can be shown to be 
still intact. The oxidation of pseudostrophanthidin with permanganate 
gives a ketone 21 (secondary OH), while chromic anhydride also attacks 
the lactol ring, giving a krto dilactonc (VII). 21 This substance easily 
loses water and therefore contains a /8-hydroxyl group (C-,). The third 
hydroxyl group (C 14 ) originally present must have combined with the 
aldehyde group to form a lactol ring, and it consequently is in the f- or 
8-position with respect to this group. The conclusion is confirmed by a 



Stiophinthidimc an Dil u tunc 


similar transformation of strophanthidimc acid (VIII-+VII) This type 
of lactone ring is unusually stable. 

Finally, a connection is established between the secondary hydroxyl 
group and the aldehydic group by the conversion of strophanthidin with 
cold, dilute ethyl alcoholic hydrochloric acid into the hemincetal of an 
anhydro compound, X. 34 This compound (X) forms no oxime or ben¬ 
zoyl derivative but the hydrolysis product (XI) is aldehydic and exhibits 
the characteristic test for the secondary hydroxyl group. The conclusion 
is inescapable that these two groups have entered into the formation of an 
oxide ring, and that they bear the a,Y- or the a,8-relationship to one 
another. 


■ Junta and Collin*, J. But. Chan, 61,121 (1025) 
a lion, ibid , 50,715 (1524). 
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Strophanthidin Anhydi fislruphnntludin Anhydi ostiophanthidin 
homiacotal 


Interrelations Between Groups in Ring A. The intricate series of 
connections between the different functional groups reveals their relative 
positions in the strophanthidin molecule, and it is only necessary to estab¬ 
lish the location of the secondary hydroxyl in the terminal ring A in order 
to locate them all. An elaborate and specific proof is afforded by a 
degradation of strophanthidin first investigated by Jacobs and GuBtuB. 85 
The starting material was anhydro-a-isostrophanthonic dimethyl ester 
(I), obtained by methods similar to those given. Except fur the unsatu- 

cu 



Anh) dio-a-isostiophanthonir dimMliyl rMir 

rated system in ring A, the functional groups are all modified or pro¬ 
tected, and partial formulas will illustrate the rhanges. The process 
resembles the oxidative degradation of cholestcnonc (page 152). Perman¬ 
ganate attacks the ethylcnic linkage and a keto arid (III) having one less 




Ijartonn 
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carbon atom is formed, possibly by way of II. Undephanthontriacid 
dimethyl ester (III) was recognized as a 0-keto ester because hydrolysis 
with 0.1JV alkali resulted in decarboxylation. The ketonic group in these 
degradation products represents the original point of attachment of the 
tertiary hydroxyl (C B ) which is known to be in the 0-position to the 
secondary hydroxyl group (C 3 ), and the new evidence shows that this 
tertiary hydroxyl is 0 to the original aldehydic group (Cio). It iB known 
in addition that the secondary hydroxyl group is either y or 8 with respect 
to the aldehydic group, and there arc only two arrangements which fulfill 
all of these conditions, namely, VI and VII: 



Consequently, in order to complete the evidence it is necessary to estab¬ 
lish the size of the terminal ring. The reduction of duodcphaiithondiacid 
(IV) gives a hydroxy acid which lactnnizcs (8-lactone), but while this 
is explained adequately on the basis of an original six-ring, the substance 
could equally well be a v-luctone arising from an original five-ring. A 
ring of higher order than six obviously is excluded. Evidence from 
another source has a further bearing on the point. Working in the gitoxi- 
genin scries, Windaus 30 found that on opening the ring of a saturated 
ketone the dibasic arid produced was converted into a ketone on pyrol¬ 
ysis. In terms of the Blanc rule, with the validating evidence given 
below, this indicates an original six- nr seven-ring, and only the former 
possibility agrees with the other evidence. 

To justify the use of the Blanc rule ii must be shown that the ring in 
question is a terminal one, and this is proved by a further degradation 
of duodcphanthondiacid. 37 The reaction of this substance (VIII) with 
acetic anhydride and acetyl chloride 88 probably proceeds through an 
anhydro end acetate (IX), for the product (X) is an unsaturated lactone 
anhydride. The lactone ring is cleaved on hydrogenation, and after hydrol¬ 
ysis a saturated tribasic acid (XI) results. When subjected to a Wic- 
land degradation through the tritertiary carbinol (XII), dephanthanic 
acid (XI) gave a dibasic acid, dephanthic acid (XIII), having four less 
carbon atoms. Three of these must have come from the original lac¬ 
tone side chain, and the remaining one is then identified as originating 
from a methylene group in the original ring carrying the seoondary 

M Windft'iB, K. Wratpbitl and Stein, firr., 61,1817 (1928). 

■ Jnrnhi and Elderfleld, J Biol. Cfum . 102, 237 (1B33). 

■ Jacob* inil Gui+ub, ibid., 84,183 (1929); 92, 323 (1931), 
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hydroxyl group The degradation as a whole indicates the changes: 

—CHjCOCII,- > — CH-COjH —* —C 0 2 H, and the threc-carbon 

chain can be fitted into the rholanc structure only as a part of the 
terminal ring A. 

Viewed in perspective, these degradations provide a beautiful proof of 
the structure of this part of the molerule, but the changes were not all 
correctly interpreted in the original work. Since in 1928 the similar oxi¬ 
dation of cholestcnonc was not understood, the difficulties in interpreta¬ 
tion confronting Jacobs and GuBtus arc easily appreciated. It may be 
said that in failing to take adequate account of the loss of a carbon atom 
in the first step of the degradation, a great opportunity for the rapid 
advancement of the problem wns lost. Unfortunately Jacobs and his 
collaborators gave more weight to a curious reaction which will be 
described in the following section. 
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TrianhydroBtrophantliidiii. When anhydrostrophanthidin is treated 
with alcoholic hydrochloric acid it is converted into the hemiacetal of 
dianhydrostrophanthidin, and the dianhydro compound itself is obtained 
on hydrolysis. On reaction with concentrated hydrochloric acid, dian- 
hydrostrophanthidin (I) is converted into a trianhydro compound. 81 
This differs from I in lacking the properties associated with either tho 
carbonyl group or the secondary hydroxyl group, from which it is inferred 
that these have become joined together in the course of the dehydration. 
The reluctance of the three double bonds of trianhydrostrophanthidin to 
undergo hydrogenation suggested that they are present in a benzenoid 
ring, and this waR confirmed by absorption spectra studies. 811 The obser- 



Dianhvdrostmplmnthidio Trianhydrustiophunthidin (7) 


vation that trianhydrostrophanthidin is converted on oxidation with 
nitric acid into mcllophanic acid (bcnzcne-1,2,3,4-tctracarboxylic acid) 40 
was advanced as evidence of the presence of a benzenoid nucleus, but in 
view of the formation of aromatic acids from abietic acid (page 60) and 
crgosterol (page 172) on treatment with the same reagent, this argument 
probably is less valid than that based upon the absorption spectrum and 
the general inert character of trianhydrostrophanthidin 41 The structure 
of the oxidation product, however, shows that it is ring B which has been 
aromatized in the course of the reaction, and it is clear that the aldehydic 
group must have migrated from the original position at Cio. Because of 
tho probable attachment to the secondary hydroxyl group, Tschesche 
and Knick, 40 as well as Jacobs and Elderfield, 41 placed the group pro¬ 
visionally at Ci, in ring A, as shown in formula 11. Another possibility 
may be suggested. The reaction perhaps proceeds through an inter¬ 
mediate lactol (la), which, because of the terti&rily bound carbinol group, 



TrianhvdroHtrophanthidin (?) 


>■ Eldprfleld And Hotbed, J. Biol Chrm , 106, 71 (11)34). 

41 TvhMchB and Knlrk, Z phy*iol Chrm , 229, 233 (1B34) 
“ Jacobi and Elderfield. J Bid Ckm i, 108, 6D3 (1935). 
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is susceptible tn the Wagner-Mecrwein rearrangement. Such a rearrange¬ 
ment would result in tlie enlargement of ring A by the incorporation of the 
original nldehydic carbon atom. According to this view trianhydrostro- 
plianthidin may contain a scven-nicmbcrcd ring with a stable oxidio 
bridge, as in 111. 

Jacobs at first did not entertain the possibility of a rearrangement and 
he considered that the ability of one ol the rings to become aromatio with¬ 
out loss of the aldehydic carbon atom afforded evidence that the alde- 
hydic group docs not occupy an angular position. This evidence, how¬ 
ever, was directly contradictory to the repeated indications of sterio 
hindrance in the reactions involving this group. The resistance to 
hydrolysis of the carbomcthoxyl group in the corresponding position bIbo 
pointed clearly to a tertiary location. The formation of similar trianhydro 
derivatives is not a general type of reaction but represents a unique prop¬ 
erty of strophanthidin which is not shnred by the other (non-aldehydic) 
genins. Before discussing the events leading tn the abandonment of 
Jacob’s first interpretation, it will be well to consider the correlation of 
these other substances with strophanthidin. 

Periplogenin. In chemiral behavior periplogcniu is very similar to 
strophanthidin except that it lacks the properties associated with the 
presence of a free aldehydic group. 42 Indeed the only difference in struc¬ 
ture consists in the presence of a methyl group at Cio in place of an alde- 
hydic group. Attempts to show this by the redurtinn of the aldehydic 
group of strophanthidin met with little success hecausc of the sensitivity 
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of this substance, but it was possible to bring about the desired conversion 
with the use of a-isostrophonthidic acid (I), in which the latent aldehydic 
group of the unsaturated lactone ring has been destroyed by oxidation. 
The Wolff-Kishner reduction of I gave a product identical in every respect 
with the a-isoperiplogenic acid (III) obtained by the hypobroinitc oxi¬ 
dation of (saponified) pcriplogcnin (II) .“ 

Digitoxigenin. Since this grain 44 differs from periplogenin only in 
the absence of the tertiary hydroxyl at l)», the two series were easily 
related by eliminating this group from a periplogenin compound and com¬ 
paring suitable derivatives. 43 a-Isoperiplogcnic ester (I) gave the keto 
ester (II), which was converted through the easily formed anhydro com¬ 
pound (loss of the C-rOH) to a saturated ketone (III), which was 
obtained in two stercoisomcric forms. Digitoxigenin (IV) was isomcr- 




Digituxigpnin Iwiligitoxigpmn Ihoiligilungriirair ester 


ized (V), the lactone ring was opened and esterified, and on the simul¬ 
taneous oxidation of the secondary alcoholic group and the lactol ring, a 
substance was obtained which proved to be identical with the higher¬ 
melting derivative III from the other series. 

Gitoxigenin. This aglycone differs from the above members of the 
series in having two secondary hydroxyl groups, as indicated by the 
formation of a dibenzoyl derivative and a diketone. One of these groups, 

« Jiroba, Elderfiald, Grovr and WijpaaU, J. Biol Chtm , 91, 017 (1031), Jacobi and Elderfiold, ibid. 
91, 025 (1931). 

** Chamiral atudiea: Jacobi and Guatui i bid , 72, 573 (1028), Wind aui and Bandtc, Brr m , 56,2001, 
(1923); Wudaui and Stein, Btr., 61, 2436 (1928); S. Smith, /. CK*m. 3oc , 2480 (1980); 1050 (1035). 

• Jacobi and Elderfidd, /. Biol. Chtm., 92,313 (1931). 
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as will be shown presently, is located at the usual exposition, while 
special relationships in the iso-serics indicate that the second one is in 
the dose proximity of the unsaturated lactone ring. 4 " The evidence in 
point is that the isoaglycone forms only a monobenzoyl derivative and 
yields a monokctonc. One of the original secondary hydroxyl groups 
obviously has become modified in the course of the isomerization and it 
is inferred that this is the result of its participation in the formation of 
the lactol ring of the isoaglycone. The relationships ore adequately 
explained by placing the group in question at Cm in ring D, as shown in 
formulas I-III. It is consistent with the formulation of the new, "iso”- 
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ring as five-membered that it is much more stable than the corresponding 
Mx-rmg produced in the isomerization of the other aglycones through the 
interaction with a tertiary alcoholic group at Cm. When the lactone ring 
of isogitoxigenin (II) is opened by hydrolysis and esterification, the 
product (III) does not react with carbonyl reagents, indicating the absence 
of a hydroxyaldchydc form in equilibrium with the y-lactol form. The 
corresponding compounds from the other aglycones are S-lactols and they 
display aldehydic properties. It will be shown that gitoxigenin possesses 
a tertiary hydroxyl at Cm, but from the above observations it is clear that 
this group is less prone to enter into the isomerization than the secondary 
hydroxyl group at Cjo. The difference probably iB attributable to the 
size of the ring formed, rather than to the character of the alcoholic 
group. 

The following relationship between the two hydroxyl groups attached 
to ring D provides further evidence as to their location. The diketone 
(V) obtained by the oxidation of dihydrogitoxigenin (IV) loses the ele¬ 
ments oi water with such ease that it obviously is a ff-hydroxykctoiio. 17 
If the tertiary hydroxyl is indeed in this part of the molecule, the placing 
of this group at C u and of the secondary hydroxyl group at Cu is the 
only way of complying with thiB requirement and at the same timo of 
providing for ring formation between the secondary hydroxyl group and 


• farob» and Qiutiu, J Biel ( V*i. 79, 553 (1928) , 82,403 (1121), 88,531 (1130). 
° Jacobs and Klderdcld, ibid , 100 ( 071 (1033). 
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the unsaturated bide chain of the aglycone. Fur this argument to have 
any weight it is of course necessary tu show that the tertiary group is 
associated with ring I), for the ready dehydration of V could be explained 
equally well by assuming that the hydroxyl group in question is at C3. 
A proof of the point is furnished by observations having to do with an 
interesting isomerization which occurs in the course of the oxidation of 
gitoxigenin to the diketone, gitoxigcnonc. If this reaction involved only 
the dehydrogenation of the two secondary alcoholic groups, the unsatu¬ 
rated lactone ring should still be intact in the oxidation product, but the 
diketone does not respond to the Legal test and the side chain therefore is 
no longer unsaturated. There must be a conversion to the iso-series in 
the course of the oxidation, and since the secondary hydroxyl group cannot 
be involved, the tertiary group must participate in the reaction and there¬ 
fore it is close to the point of attachment of the side chain. The only 
position available is at Cm, as in formula VII. Gitoxigenin apparently 



(iitoxigcmn Gituugcimnc* 


can form two different types of iso-compounds. The interaction of the 
secondary hydroxyl group with the side chain ordinarily takes precedence, 
but when this has been converted to a carbonyl group the tertiary hydroxyl 
enters into ready combination. 

Still another kind of ring isomerism is responsible for the existence of 
two dihydro derivatives of gitoxigenin. 30,47,4S One of these, the a-form, is 
represented by formula IV, above, and the structure is established both by 
oxidation to V and by the preparation of the compound from gitoxigenin 

tfdoetra, Arch. npU Path PhnmaktU 112, 261 (1<)26); Jacobi and Giutua, J. Biol CAn>., 
88,681 (1980). 
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diacetate. The substance exhibits mutarotation, and this is due to the 
opening of the lactone ring and its closing in a different direction 
(IV—>VIII). The structure of the /3-form (VIII) is established by its 



oxidation to a koto acid, CzjHjnOn, the rarboxy] group of which must 
come from a primary alcoholic group (the secondary group at C 3 is oxi¬ 
dized at the same time). 

A close approach to a correlation of gitoxigenin with the other agly- 
cones was made by Wimlnus, who converted gitoxigenin into the dian- 
hydro compound, in which the hydroxyl group at C. is still intact, and 
converted this by hvdrogenation into the hexahydro derivative." A sub- 
stanre of the same ('(imposition was obtained from digitoxigenin 4I> by 
similar methods. The tetrahydroanhydrodigitoxigenin, however, was not 
identical with the hrxahydrudianhydrogitoxigcnin but isomeric with this 
substance. The difference is maintained in the two ketones obtained on 
oxidation, and in the rtesoxy lactones obtained by reduction of the ketones 
according to Clrinmcnsen, and it probably is of a stereochemical nature. 
The saturation oi the multiple double bonds m the anhydro compounds 
offers ample opportunity for isomerism in ring D and in the side chain. 

The problem finally was solved by Jacobs and Gustus, B0 who succeeded 
in obtaining identical derivatives from the two gcnins by taking advan¬ 
tage of an isomerization to a new (y) stereochemical series under the 
influence of strong hydrochloric acid. Isogitoxigenie arid (IX) was con¬ 
verted through the Cu-chloro compound into nn anhvdro derivative (X). 
Possibly an inversion at C.o occurs in the course of the reactions, for the 
rhlorn compound on hydrolysis yields a stereoisomeride of IX. When 
the ester of X was submitted to hydrogenation the lactone linkage was 
cleaved simultaneously with the saturation of the double bond, giving the 
dibasic acid XI. This was idcntiral w'ith the corresponding arid of the 
digitoxigen series which was obtained from XII by isomerization, con¬ 
version to the acetyl anhydroanhydridc (XIII), hydrogenation, and 
hydrolysis. This proved conclusively that gitoxigenin has the same car- 

•• Winibui and Free*, Bit , 38,2303 (1D23) 

“ Jacobs and Giutu*, J. Biol. Chem , 86.10D (1030). 
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bou skeleton as the other aglycones and that it contains a similarly situ¬ 
ated secondary hydroxyl group. 

There is one special pomt in the chcmi&tiy of gitoxigcnm which is of 
considerable interest in connection with certain observations which will 
be presented below. Although the aglycone contains only one tertiary 
hydroxyl group, it yields a dianhydro compound when treated with rold, 
concentrated hydrochloric acid (Windau>- and Schwarte 8 ) One of the 
two secondary hydroxyl groups evidently is eliminated with great case, 
and the group in question can be identified as the one located in the five- 
membered ring. In none of the other series thus far disrussed is there 
any instance of a secondary hydroxyl group possessing the lability dis¬ 
played in the present case, and the unique behavior must be due to some 
special feature of structure. The double bond in the lactone ring plays 
no part of importance, for dihydrogitoxigenin, in cither the a- or the 
/7-form, yields a dianhydro derivative (Windaus, Westplial and Stein 31 ). 

A consideration nf the probable course of the unusual reaction suggests 
an explanation. In analogy with all known cases it is reasonable to sup¬ 
pose that the tertiary group at Cm is first eliminated, giving XIV. The 
double bond established at Cm-Ci-, is in a position to activate the secon¬ 
dary hydroxyl group in ring D, and the presence of an allylic system 
would account well for the lability of the group in question. The loss of 
the second molecule of water may involve the hydrogen atom at either 
of the tertiary locations Cr or Git- A 1,4-elimination would give XVa, 
while a 1,2-elimination would lead to the somewhat less likely structure 
XVb. The dianhydro compound XVa might also arise through an allylic 
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shift of the hydroxyl group to C u , and dehydration, but such an expla¬ 
nation is unnecessary. Whatever the mechanism, the driving forte 
derived from the tendency to assume a conjugated system accounts ade¬ 
quately for the reaction. 

According to this view the ready dehydration of the secondary alco¬ 
holic group of gitnxigenin is associated with the presence of a tertiary 
hydroxyl group in the ^-position, but the 1:3 disposition of the two sub¬ 
stituents merely provides the opportunity for the establishment of a con¬ 
jugated system and does not necessitate a double dehydration. With 
strophanthidin or periplogenin, for example, there arc no indications that 
the secondary hydroxyl group in the structure XVI is subject to elimina¬ 
tion following the removal of the tertiary group in the 0-position (as in 
the formation of dianhydrostrophanthidin). A likely interpretation of 
the difference is that the initial loss of water involves the 6- rather than 



the 4-position, giving a substance (XVII) in which the double bond is too 
far removed from the hydroxyl group to influence it. This view is sup¬ 
ported by the fact that the 5|6-position is a favored location for the 
double bond in all of the unsaturated alcohols of the sterol and sex 
hormone series. 
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Reactions somewhat analogous to that assumed to occur in the second 
step of the dehydration of gitoxigenin have been observed in the morphine 
series. In the acetolysis of a-mclhylmnrphimethinc (page 26), for 
example, a secondary hydroxyl group is eliminated from a position adja¬ 
cent to a double bond. A still closer parallel is afforded by a recent 
observation of Evans and Schoenheimer R1 These investigators prepared 
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epiallocholcstcrol (XVIII), a new isomer of cholesterol, by the reduction 
of cholestenone with aluminum isnpropylate. They found that the sub¬ 
stance is distinguished from other steroh by being quantitatively dehy¬ 
drated by brief treatment with dilute alcoholic hydrochloric acid solution 
at the boiling point, with the formation of the hydrocarbon XIX or a bond 
isomer. The loss of water occurs readily in this case even though one 
feature of possible importance in the gitoxigenin structure is lacking. The 
hydrogen atom eliminated from r,/»allochnlcsterol comes from a methylene 
group, whereas in the case of mnnoanhydrugitoxigenin (XIV) the hydro¬ 
gen is eliminated from a tertiary location at Cn or nt the bridge head C s - 
There are certain indications that the presence of a lone hydrogen atom 
in an available position favors the establishment of nn unsnturated link¬ 
age, one being that cholic arid can be converted under rather moderate 
conditions of dehydration into 3,12-dihydroxy-A T -cholenic acid (page 
132). Of the three secondary hydroxyl groups only that at Ct is adjacent 
to a bridge head carrying a hydrogen atom, and consequently it is signifi¬ 
cant that it is this group which is preferentially eliminated and that the 
double bond established extends to the bridge head. Another indication 
in the some direction is the behavior of the bromination products of 
derivatives of aetiochoIanone-3 and nctionilocholanonc-3 (page 250.) 
Whereas the 2-bromo compounds lose hydrogen bromide with great diffi¬ 
culty, a bromine atom nt C< easily separates with a hydrogen atom from 
the bridge head C n to establish an ethylenic linkage. 

It is evident that the lability of a hydroxyl group does not of necessity 
establish its tertiary character, for a secondary hydroxyl group is also 
labile when it is adjacent to a double linkage or when it is present in the 
combination: >C (OH) CII 2 Cn (OH) CH<. 

»E A Evans, Jr , and Brhopnhpiimr, J Ckm Sac , 58.1S2 (1936) 
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Digozigenin. This aglycone, characterized extensively by Smith, 1 * 
has not been correlated with the other members of the group but it closely 
parallels these compounds in properties and reactions (Legal test, conver¬ 
sion to digoxigeninic acid, conversion to an iso-compound.) The resem¬ 
blance to digitaxigenin is particularly striking, for the only differences 
are those occasioned by the presence of an additional secondary hydroxyl 
group. The aglycone is isomeric with gitoxigenin, and like this substance 
it contains one tertiary hydroxyl group (located at Ci« by the iso-reac- 
tion) and two secondary groups. It yields a diketone (digoxigeoonc) on 
oxidation and, in contrast to gitoxigenin, the unsaturated lactone ring is 
not disturbed in the process, since digoxigenone can be isomerized to a 
compound identical with that resulting from the oxidation of isodigoxi- 
genin. One of the carbonyl groups apparently occupies a somewhat 
hindered position, for Smith was able to obtain only a monoxime and a 
monoscmiearbnznne from digoxigenone, isodigoxigenone, or dihydro- 
digoxigcnnnc. The lack of reactivity appears to be only relative, how¬ 
ever, for a dioxime was obtained from ankydrodigaxigenone. In the 
formation of anhydrodigoxigenin only one molecule of water is elimi¬ 
nated, and consequently a sreondarv hydroxyl group does not appear to 
be in close association with the tertiary group as in the case of gitoxigenin. 

Smith notcR that in all probability digoxigenin has the carbon skeleton 
common to the other nglyeones of the group. The experimental evidence 
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locates the tertiary hydroxyl croup (C») and the double bond. One of 
the secondary groups probably iB nt the favored 3-position (Smith), and 
it is suggested that the most probable loration for the other one is at Cu. 
A group at this position, which is sufficiently remote from both the side 
chain and the tertiary hydroxyl group to account for the lack of inter¬ 
action, either direct or indirect, should be subject to some storic hindrance. 

Uzarigenin. Tn a preliminary investigation Windaus and Haack M 
found that under the drastic conditions requued for the hydrolysis of the 
glucoside uzarin the genin is converted into an anhvdro rompound. Con¬ 
tinuing this work at the Gottingen Laboratory, Tsrhesche M isolated in 

■> S Smith, J Chem Hoc , 130'S (10351, anil earlier pipers 
« Windnu* and Hwk, Btr , 63, 1377 (1030) 
m Twliewhc, Z pAj/siri Chtm , 222, 50 (103J) 
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addition to the main product, a-anhydro-uzarigenin (m.p. 265°), a small 
amount of a /J-anhydro compound (m.p. 237 s ) which presumably differs 
only in the location of a nuclear double bond, although evidence on this 
point is lacking. Tschesrhe at first regarded the substances as dianhydro 
compounds, but concluded 55 from more recent analyses and hydrogenation 
experiments that they contain but one double linkage in addition to that 
recognized as being in the side chain (Legal test). The presence of an 
original hydroxyl group at Ci 4 would account for the elimination of water 
in two directions, as indicated in Tsche'.che’s provisional formulas IT and 
TIT, and more specific evidence of the location of the group in question is 
found in the fart that uzarin ran he converted into an iso-rompound with 
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alcoholic ulkak. fil> Since the sugar residue is not loBt in the process it must 
he attached to the secondary hydroxyl group recognizable in the onhydro 
compounds by their ability to form inonoacctyl derivatives. 

Tschesche achieved a correlation 54 with periplogenin as follows. 
a-Anhydro-uzarigenin gave on hydrogenation (as the acetate) a mixture 
of two trtrahydro derivatives (at and 02 ) which were later shown to differ 
in the configuration at the new center of asymmetry in the side chain. 
The two isomers were converted by oxidation to the ketones and these 
were redured by the Clcmmcnscn method to saturated de'.oxylnctones of 
tho formula V. The a 2 -dcsoxylactonc proved to be identical with an 
octahydrotrianhydroperiplogenin which Jacobs and Bigelow" had 

■ Tirhnrhe and Rohle, fin 1 ., 68,2262 (1935) 

■ Jarob* and RiepIo*, J fiioF Chwm , 101, R47 (1H33) 
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obtained from periplogenin (IV). This establishes the identity of the 
skeletal structures of the two aglycones, but it should be noted that the 
observation does not prove that these substances correspond in the con¬ 
figuration of the ring system. Since periplogenin carries a hydroxyl group 
at Cj, an inversion can occur at this point in the roursc of the hydrogena¬ 
tion of an anliydro linkage. There is no opportunity for such an inver¬ 
sion in the reactions of uzarin, and evidence which will be presented below 
establishes the configuration at C-, as that of the members of the cho- 
lestanc series (A/B:trons) 

Tschesche 54 converted the two tetrahydroanhydro-uzarigeninB 
through the ketones into dibasic acids of the bilianic acid type and found 
that both acids yield ketones on pyrolysis. This indicates that the secon¬ 
dary hydroxyl group is contained in the terminal, Bix-mcmbercd ring A 
of the cholanc system. It was later observed 53 that a-anhydro-uzari- 
genin is precipitated by digitonin, and in view of the specificity of the 
reagent Tschcsrhe considers that the hydroxyl group very probably 
is located at the usual 3 -position. The configuration at this center evi¬ 
dently is that of dihydrocholcsterol and coprosterol. It was found that 
sterol derivatives having n hydroxvl group at C 4 (cliolestanol-4) are not 
precipitated by digitonin 

In comparison tests the striking observation was made that other car¬ 
diac aglycones ore probably c/n-compounds, as they fail to form stable 
digit onides. Neither digitoxigenin, gitoxigenin, digoxigenin, strophan¬ 
thidin, nor anhydrn&amienlngenin is precipitated by digitonin It is 
very interesting thnt uzarin, which appears to differ from the other plant 
heart poisons in the spatial arrangement of thp secondary livdroxyl group 
at C\, possesses at most very feeble cardiotonic properties. The lack of 
pronouuccd physiological activitv may be due in part to this divergence 
from the usual steieochemical pattern, but there is evidence that uzarin 
also differs from other glycosides of the group in the arrangement of rmgs 
A and B, and this may also be a determining factor. 

The Early Conception of the Ring System. It was Bhown above that 
the degradation of strophanthidin to duodcphanthondiacid and dephan- 
tliir acid furnished reliable evidence that the ring system common 
to all of the aglycones includes a terminal six-mombered ring carrying a 
secondary hydroxyl group The presence of a terminal five-ring was estab¬ 
lished by Jucobs and Eldcrficld BT in a degradation involving the opening 
of this ring (D), as follows, On oxidizing anhydrodihydrostrophan- 
tliidin (I) with permanganate in acetone solution only the aldehvdic 
group is attacked, hut when the oxidation is conducted in the presence of 

n limbs and ElderheM, J Bvt fVm , 97,727 rin'M) A similar dogmdaboii of filoxigemn ha* 
been n ported by this sume author*, iM , 96* 357 (1032) 
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alkali the substance also is attacked at the double bond, giving a glycol 
acid (II). On oxidation of the ester of II with chromic anhydride the 
glycol linkage is cleaved with the opening of ring 1) and the production 
of a diketo acid III, the secondary nlcoholic group being simultaneously 
oxidized. The hydroxy acid obtained on reduction of the two carbonyl 
groups readily lactonizes to IV. Since this stability ir characteristic of a 
8 -lactone (or possibly a y-lactone) but not of lactones of a higher order, 
the original ring cannot contain six or more carbon atoms and very prob¬ 
ably is a five-ring. It may be added that it is easily shown that in the 
lactone IV the original hydroxyl groups at C 3 and are still intact, 
because on the conversion of the former to a carbonyl group, the latter 
becomes mobile. 

One other inference regarding the ring system was deduced (incor¬ 
rectly) from the work on trianhydrostrophanthidin. Because the alde- 
hydic residue in tliiB substance was thought to be attached to the ring 
which had become aromatized, it was considered that this wbb the original 
location and hence that the original ring was a six-ring. Since the nucleus 
carrying the aldehydic group was regarded as different from that con¬ 
taining the secondary hydroxyl group, the presence in Btrophanthidin of 
two six-membered rings was considered established. 

From a consideration of the facts available at the time, Jacobs 17 in 
1933 advanced tentatively the partial formula V for strophanthidin. The 
Btate of the problem resembled in many ways the condition of the sterol- 
bile acid work at the time of tho early Wielond-Windaus formulation 
(1928). In each case a number of interconversions and reactions had 
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established the nature of the functional groups und certain relationships 
between them. The different members of each of the two broad groups 
of natural products had been for the must part adequately correlated, and 
the side chains were completely characterized. The German workers had 
attempted to determine the nature of the sterol-bile acid ring system by 
numerous partial oxidative degradations at various parts of the molecule, 
but they had been misled by the failure of the Blanc rule in certain specific 
coses, and one serious error of interpretation by Wieland had insinuated 
itself into the reasoning and remained undetected. Jacobs had followed 
a similar program of oxidative degradation and he also had been mis¬ 
guided partly through the unforeseen molecular rearrangement which 
occurs in the formation of trianhydrostrophanthidm, and partly because 
of failure to take adequate account of the first step in the degradation to 
duodcphanthonic acid and of the hindered character of the (tertiary) 
aldehydic and carboxylic groups at Ci 0 . It will be recalled that Ruzicka, 
in his investigations of abiotic acid, had similarly been led to disregard 
evidence pointing to the presence of a tertiarily bound carboxyl group 
because of the results of a dehydration reaction which was recognized 
later as involving a molecular rearrangement. 

A solution of the sterol-bile acid pioblcm finally was indicated by the 
introduction of a new experimental method which supplied information 
regarding the ring system as a whole, and clearly in 1933 similar informa¬ 
tion concerning the cardiac aglycones was sorely needed for the proper 
consolidation of the great wealth of data regarding the many transforma¬ 
tions of these versatile substances. The selenium method of Diels, which 
had been of such service in the one field, was soon found to be an invalu¬ 
able guide in directing the other series of investigations into a course 
which ultimately led to a solution. 

Dehydrogenation of the Aglycones, Jacobs and Fleck BB investigated 
the dehydrogenation of strophanthidin in 1931 and obtained a substance 
closely resembling the Diels hydrocarbon (3'-methyl-l,2-cyclopenteno- 
phenanthrene) in composition and melting point and giving no depression 
when wiTw) with a sam ple of the material. Their product, however, 
yielded a quinone on oxidation, whereas all the investigators who have 

■ Jacobs and Fleck. Seitneo, 73,138 (1981;; J. Biol. Cbm., 97, 67 (1982). 
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studied the oxidation of the Diels hydrocarbon have reported negative 
results. The substance was regarded at the time as 1,2-dimethylphenan- 
threne, but luter work has shown that this waH incorrect and that the 
material probably was not a single individual. The next publication on 
the subject was by Tscheschc and Knick, 50 who succeeded in obtaining 
from the dehydrogenation of 30 g. of unhydro-uznrigenin 0.1-.2 of a hydro¬ 
carbon, m.p. 124-125°, which was fully identified us the Diels compound. 
Shortly afterwords, Elderfield and Jacobs 00 reported the isolation of the 
Diels hydrocarbon from the mixture obtained by the notion of Relcmum on 
strophanthidin at a more carefully controlled, and probably a lower, tem¬ 
perature (320-340°) than in the experiment of Jacobs and Fleck. The 
supposed dimethylphenanthrene was not encountered again; at a higher 
temperature they obtained an unidentified hydrocarbon, OjiHii, m p. 
295-297°. 

The independent isolation in two laboratories of a well-established 
degradation product of the sterols and bile acids was most suggestive, 
and once the hypothesis of a cholanc ring system for the cardiac aglyrones 
had in this way become firmly established, it became a matter of the 
greatest interest to submit this conception of the structure to rigorous 
appraisal. In view of the drustic nature of the pyrolytic treatment with 
selenium and considering that five carbon atoms arc lost in the process, 
the isolation of the Diels hydrocarbon constituted n valuable suggestion 
rather than a proof of the ring system. 

Establishment of the Carbon Skeleton. Following his work on the 
dehydrogenation, Tscheschc 01 carried out a further degradation of the 
two stercoisomeric dcsoxylactuncs fai and a,.) previously obtained from 
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a-onhydro-uzarigenin (page 284). On oxidation, each lactone (I) was 
converted into a dibasic acid (II), the isomerism due to the asymmetric 
center (*C) being preserved. Each acid, in the form of the diester, was 
submitted to the Wieland degradation, that is, it was converted into the 

« Tarheaahr and Knlrk, Z phynol. Chm., 222,58 (1B88). 

" Elderfield and Jamba, Snmer, 79, 279 (1931); J Bui. Chm., 107, 143 (1934) 

« Taohnchp, Z angew Chm , 47, 729 (1931) Z vkyrial. Chm., 229, 219 (19.14). 
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tetraphenyl diterbiary carbinol and the latter was oxidized. The center 
of asymmetry being destroyed, both isomers gave the Bame monobasic 
acid (III), tlic substance having the composition of Wieland’s actiocho* 
lanic acid (page 146). The degradation product, however, was not iden¬ 
tical with Wieland’s acid, and the stereoisomer of the allo-scries was ai 
the time unknown. A degradation of III through the Grignard derivative 
gave a dibasic acid isomeric with Wieland’s aetiobilianic acid and behav¬ 
ing in a similar manner on pyrolysis, which strengthened the belief that 
the difference is only a stereochemical one. TscheBche prepared a small 
sample of actioaUocholanic acid and made a preliminary identification 
with the degradation product, and he later 1,2 prepared a quantity of the 
former substance and fully established the identity of 111 with this com¬ 
pound. The reference acid was prepared from hyodcsoxvcholic acid 
through oUoeholanic arid , 03 nor-, and bisnor-a/locholanic acids, the latter 
substances having recently become available through the work of 
Chuaug 04 and Femholz . 00 

Shortly after the appearance of Tschcsche’s first paper, Jacobs and 
Elderfield 00 announced a very similar degradation in the digitoxigenm 
series. Starting with 7 -digitoxanoldiucid, IV (page 280), the saturated 
dibasic acid V was obtained by the Clcmnicnscn reduction of the corre¬ 
sponding ketone. Subjected to the Wicland degradation, this gave a 
product, (VI) identical with Wieland’s aetiocholanic acid. 
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These two important investigatiuns prove conclusively that the car¬ 
diac aglycones of the strophanthus-digitulib-uzara group have the reduced 
cyclopentcnophcnanthrenc ring system characteristic of the sterols, bile 
acids, and sex hormones, and that the disposition of the twenty-three car¬ 
bon atoms is precisely that of the corresponding part of the sterol struc¬ 
ture. The side chain of the aglycnncs is shorter by one carbon atom than 
that of the bile acids, but it has the same branched structure. As for the 

" Tschrtcho, Bit., 68, 7 (1036) 
n Windnun rad Bnhne, Ann , 433,278 (1023). 

« ChuiuiR, t bid , 500, 270 (1083) 

» Femfaols, ibid , 507,128 (1033). 

* Jacobs and Elderfield, 8m sues, 80,434 (1034); J. BiU. Ckem , 108,497 (1995). 
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configuration of the rings, the isolation of stereuisomeric aetiocholanic 
acids in the two degradations is a matter of significance because there is in 
neither scries of transformations any opportunity for the disturbance of 
the original configurations at C 3 in the aglyconcs. Uzarigenin and digi- 
toxigenin belong to the cholcstnne (trans) and the coprostane (cis) series, 
respectively. Since gitoxigenm has been correlated with digitoxigenin 
by reactions offering no possibility of inversion at C R , this aglycone must 
be a cis compound. The correlation of pcriphigeuiii with digitoxigenin 
proves that the aglycone has the same skeletal structure as the other 
compounds, but since the transformations include thr hydrogenation of 
a Cg-unsaturatcd anhydro derivative of periplogcnin the configuration of 
the end product affords no indication of the original spatial arrangement 
of the aglycone. The reactions correlating periplogcnin and strophanthi¬ 
din offer no chance for inversion at C,-., and consequently these substances 
belong to the same, but as yet undetermined, stereochemical series. The 
development of the complete stereochemistry of the aglycones and of 
their many transformation products is largely a problem for the future, 
although some progress has been made already in interpreting the various 
phenomena in stereochemical terms. 00 ' 07 

Ouabain. This glyro&idc i^ treated separately from the others for 
the reason that the evidence of structure is very incomplete and because 
both the genin and its simple derivatives arc unknown. 

In 1888, Arnand <IH isolated the active prinnplc extracted by water 
from the bark and root of the ounhaio tree and long used by the East 
African Somalis as ail arrow poison. lie rreognized the substance as a 
glycoside and called it ouabain. The ouabaio wood itself, a quantity of 
which was secured by an explorer, was found to yield as mueh as 3 g. of 
the glycoside per kilogram. Later, Arnand 00 found the same glycoside 
in the seeds of Strophanfhus gratis , the inec (or onaye) used by the 
Pahouins as an arrow poison. The active principle, which is one of the 
most toxic of the cardiac glycosides, is called both ouabain and g-stro- 
phanthin. The substanre crystallizes unusually well and it can be 
obtained in a completely pure form more easily than the other poisonous 
principles. For this reason ouabain is widely employed as a standard 
in the assay of commercial digitalis and strophanthus preparations. The 
substance is very rare and it is used but little as a drug. 

Amaud 70 identified the sugar residue as rhanmosc, but he was unable 
to obtain the genin, the material being rcsinified under the drastic con- 

* Eldrt-fMd, Chemical Review, 17, 187 (1035). 

■ Amanil, Ctmjd. rend , 106,1011 (1BS8). 

■ Idem, ibid., 107, 1162 (1B8B). 

» Idem, ibid., 126, 346,1208 (1898) 
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ditions required for hydrolysis. By the action of sodium ethylate in alco¬ 
holic solution, the glycoside was converted (by hydrolysis of the lactone 
ring) into a crystalline salt without rupture of the glycosidic linkage. 
The corresponding acid, ouabaic acid, was also isolated .* 1 Ouabain 
crystallizes with nine molecules of water of crystallization and the prepa¬ 
ration of a pure anhydrous sample suitable for analysis presents difficul¬ 
ties. A number of derivatives were analyzed, however, and the results 
were interpreted by Arnaud as pointing to the formula CsoHmOu. Many 
years later, Jacobs and Bigelow 73 pointed out that the analytical figures 
agree even better with the formula C- 2 l iII«Oii, and their revised formula¬ 
tion was well grounded by new analyses and by the characterisation of a 
number of additional derivatives. In this more recent work it was shown 
that ouabain, unlike its dihydro derivative, giveB the characteristic Legal 
reaction and therefore probably contains the usual unsaturated lactone 
ring of the other members of the group . 37 The glycoside was also found 
to yield an iso-compound under the influence of alcoholic potassium 
hydroxide, and isoouabain gave a negative Legal test. In analogy with 
the other isomcrizations, this is good evidence of the location of a tertiary 
hydroxyl group at Ch. 

The other reactions of ouabain presented more perplexing problems. 
Arnaud 73 succeeded in converting the glycoside by means of acetic anhy¬ 
dride and zinc chloride into the hcptnacctyl derivative of anhydroouabain. 
Jacobs and Bigelow established for the compound the formula CtsHsaOu 
and pointed out that the tertiary hydroxyl group (Cm) responsible for 
the iso-reaction must be the one lost in the formation of the anhydro 
linkage. Three acetyl groups must be located in the sugar residue, and 
it can be inferred that four hydroxyl groups of the genin moiety have 
been acetylutcd. The hcptaacctyl compound absorbed two moles of 
hydrogen on hydrogenation and on submitting the saturated heptaacetyl 
compound to acctolysis (acetic and hydrochloric acids), Jacobs and 
Bigelow were able to isolate a sugar-free compound which was character¬ 
ized by the preparation of derivatives as an acetoxylactone, C 24 H 10 O 4 . 
The remarkable feature of the reaction was the loss of one of the original 
carbon atomB of the genin moiety as formaldehyde. Arnaud 74 had 
reported n simi lar loss of carbon in a careful study of the action of nitric 
acid on ouabain in which he isolated sugar-free nitro and dinitro com¬ 
pounds. Jacobs and Bigelow suggested that in their acetolyBis reaction 
the formaldehyde arises from the cleavage of the group :C=CHj. The 

71 Arnaud, Compt rend , 128, 1280 (1808). 

" Jacob. and HiRelnw. / Biol Chem , 06, 647 (1D32) 

n Arnaud, Compt. raid , 126, 1664 (1808) 

« Idm , ibid., 126,1878 (1898). 
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aretoxylaelone has but ouc (modified) hydroxyl group, while the com¬ 
pound iroin which it is formed has five such groups. One of these holds 
the sugar residue and the others arc acetylated. No less than four modi¬ 
fied hydroxyl groups are eliminated in the acetolysis, and Jacobs and 
Bigelow considered that they must, in consequence, occupy tertiary 
positions. 

There ore certain inconsistencies in this interpretation and, in view of 
the inaccessibility of the poison and its importance as a standard of car¬ 
diotonic activity, an alternate, if ndmittcdly speculative, view may be 
presented. 

Kon 75 has observed that it is diffirult to sec how the doubly bound 
methylene group suggest rd by Jacobs and Bigelow ran be nrcominodated 
to the skeleton common to the other cardiac uglyconrs. It 1 b also incon¬ 
sistent with general observations in other series that the four alroholic 
groups of ouabain which arc capable of being acetylated are all tertiary. 
A fifth group, eliminated in the acetylation, doubtless is tertiary (Cn) 
in character, but the fact that the others can be acetylated indicates, by 
the best analog}', that they are either primary or secondary. The group 
holding the Bugar residue may well occupy a tertiary position, ns at C-j. 
Since this group and three of the aceivlatable groups arc eliminated in the 
uretolysis they must be intimately associated in the molecule, lor example 
in /7-positions to one another. Such an arrangement requires that there 
be no more than one secondary hydroxyl associated with each of the rings 
A, B, and C and the conclusion is reached that the fourth group capable 
of undergoing acetylation is primary in character, that is, that one of the 
angular methyl groups is hydroxylated. 

A possible arrangement which appears to satisfy all the conditions is 
shown in formula I. The groups available for acetylation are those at 
C t, Ct, Cn (secondary), and the —CHaOII group at C 10 , and the forma¬ 
tion and hydrogenation of the heptaaectyl compound may be represented 
as in formulas II and III. Formula IV is suggested as a possible struc- 
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Heptaacrtylilpsoxyilihydrooimbain Arctoxy lartonr (ChHjoO,) 

ture for the product of acetolysis, and it is supposed that the driving force 
for the reaction comes from the tendency of ring B, with its cluster of 
oxygen-containing groups, to assume the aromatic structure. In a satu¬ 
rated substance of the structure of III the tertiary group at Cs probably 
would be the most vulnerable point of attack, and the double bond pro¬ 
duced when it is eliminated (a) would labilizc the group in the /3-posi¬ 
tion Ct (see page 280). The rlcavagr of this group would give a sub¬ 



stance (b) having a conjugated system, and the conjugation could be 
extended, in turn, by the elimination of the acetoxyl group at Cu, giv¬ 
ing (c). In this phase (c) there would be two special features of struc¬ 
ture, namely, the close approach of ring B to the aromatic condition, and 
the tcrtiorily bound, primary corbinol group at Cm- The latter structure 
represents a type susceptible to the Wagner-Meerwein rearrangement, 
and it is not difficult to imagine that some variety of molecular shift, 
coupled with the disposition of the three double bonds to seek the same 
nucleus and form a stable benzenoid ring, could lead to the expulsion of 
formaldehyde and the formation of IV. It will be recalled that the elimi¬ 
nation of a tertiarily bound carbon residue under similar conditions has 
been observed frequently in the morphine series, for example, in the 
acetolyBis of a-methylmorphimethine (page 26). 
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In another series of experiments Jacobs and Bigelow 19 treated iso- 
ouabain (V) with acetic anhydride and sulfuric acid and obtained a 
monoacetyl trianhydrolactone. According to tlic above interpretation, 
this substance is assigned the structure VI. The lactone ring of the 



desacetyl compound from VI can be opened by hydrolysis and the acid 
group esterified. The ester on oxidation gives a keto lactone (VII). 
Clearly the whole isoaglycone grouping comprising the two oxygen bridges 
is still intact and one of the original secondary hydroxyl groups likewise 
survives the anhydro reaction. The location of this group m the terminal 
ring at a position removed from a bridge bend (in contrast to Cu) would 
account for its failure to participate in the succession of dehydrations. 

The suggested interpretation of the acctolysis reactions assumes the 
presence of an aromatic ring in each of the two cleavage products, but the 
experimental evidence is not decisive on this important point. Jacobs 
and Bigelow state that the acoloxy lactone (TV) from hcptnaretyldcwixy- 
dihydroouabain absorbs three moles of hydrogen to give a mixture of two 
saturated stereoisomendcs, the desacetyl derivatives of which yield 
ketones on oxidation. While the nvuilability of the three double bonds 
for hydrogenation clearly argues against the view that they ore present 
in a single, aromatic nucleus, another observation of Jacobs and Bigelow 
offers some support for the above structures. The desacetyl compound 
from the product (VI) obtained from isnounbain was found to be remark¬ 
ably resistant to hydrogenation under conditions permitting the ready 
absorption of hydrogen by less highly unsaturated compounds. The sub¬ 
stance was wholly unnttarked in neutral solvents, although it was found 
possible to achieve a hydrogenation in glacial acetic acid solution with the 
absorption of three moles of hydrogen. The behavior of the compound 
was said to be reminiscent of that of trianhydrostrophanthidin. In addi¬ 
tion to these observations there are some indications that Arnaud’B 74 nitro 
nor-derivatives (possibly .C^HaiOi (NO*) and CsaHssOBfNOsh) contain 
an aromatic ring. The compounds may arise from the dehydrating and 
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oxidizing action of nitric acid on ouabain, followed by nitration. The 
hypothesis that the various products of degradation contain a benzenoid 
ring appears at least sufficiently plausible to warrant further experimental 
inquiry. 

Scillaridin A. Although scillaren A, one of the glycosides from 
squills, closely resembles the other heart poisons in physiological action, 
the aglyconc scillaridin A differs markedly in certain respects from the 
nglyronos of the strophanthus-digitalis-uzara group. It contains one 
more rarbon atom than these compounds, it fails to give the Legal nitro- 
prussidc reaction, there are four double bonds in the molecule, and there 
are difference* in the course of the isomerization by alkali. Stoll and his 
collaborators, after a ten-year period of investigation at the Sandoz 
laboratory, published in 1033 the first of a series of papers on the subject 
of srillaren A and its aglveone. 77 Numerous careful analyses of scillari¬ 
din A, its derivatives and transformation products, at first pointed to the 
formula Ca-.HuAi for the aglycone, but early in 1035 an observation was 
made which ca*t serious doubt on this apparently well-established formu¬ 
lation. In a three-step process, involving no drastic conditions or any 
reactions likely to disturb the carbon skeleton, Stoll obtained a saturated 
mnnulMMC and which pi mod to be identical with alfocholanir acid. 7K 
The bile acids arc regarded as C^-compounds, although the evidence is 
based more on degradation experiments than on direct elementary analy¬ 
sis. Ordinary combustions arc hardly sufficient to distinguish between 
compounds of such high molecular weight. For scillaridin A, for exam¬ 
ple, the differences in carbon and hydrogen content for the formulas 
(V,HaA and are only 0.26% and 0 23%, respectively. Stoll 

later 70 found it possible to determine the molecular weights of the cho- 
lanic acids with an accuracy of 2-3 units by the titration of sufficiently 
large samples, and the results dispelled his previous doubts that ollo- 
cholanic arid and scillaridin A are C24-compound5. 

The conversion to a/focholanic acid proves conclusively that the car¬ 
bon skeleton of the aglyconc is precisely that of the bile acids. On this 
basis, and from such other observations as have been made, Stoll has 
suggested for scillaridin A the provisional formula I. The degradation 
was accomplished through the anhydro compound II, which can be pre¬ 
pared by the high-vacuum sublimation of either the aglycone or the 
glycoside, or by warming scillaridin A with alcohol and concentrated 
hydrochloric acid. On hydrogenation in glacial acetic acid solution with 

" Stoll Mid collaborators, Rrlv Oitm Acta, 16,70S (1033); Z. pAyttri Chen , 222. 24 (1033): Bth. 
Chin Acta, 17, 041, 1334 1034), 18, 82, 4M, 644 (WB5). 

™ Stoll, A Hofmann and Helfonstein, ibid , IB, 044 (1035) 

" Stoll, A. Hofmann and Peyar, ibid , IS, 1217 (1031' 
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Adams’ catalyst, anhydroscillaridin A gave a mixture of the saturated 
lactone III and the desoxy acid IV. These substances arc formed simul¬ 
taneously, and undoubtedly the lactone ring is cleaved while it is Btill 
in the unsaturated condition The acidic product of hydrogenation was 
at first assigned the formula CVJIiaO;., bub on further investigation two 
stcreoisomeric acids were isolated in a pure condition and one of them 
(a-scillanic arid) proved lo be identical with allocholanic arid. 

As for the lactone ring of the aglycone, the degradation establishes 
the skeleton (a), and the double unsnturation, ns in (hi, seeing necessary 

- o 

c c=o cH-o—c=o r |, co 

-c-c-i -CH-C1I-CII l ® CH 

' CH 

(a) (b) (c) 

to account for the close analogy with coumann (c) disclosed in several 
experimental comparisons. Since (b) does not represent a fty-unsatu- 
rnted lactone, the formulation is consistent with the failure to respond to 
the Legal test. It is consistent with the six-ring structure that the lac¬ 
tone ring opens easily and tends to stay open. This is shown best in the 
case of anhydroscillaridin A (II), which (because of the absence of the 
Cn-hydroxyl group) is incapable of forming an iso-rumpound. Methyl 
alcoholic potassium hydroxide cleaves the lactone ring of II with simul¬ 
taneous esterification of the carboxyl group, giving (V). This substance 
appears to be entirely enolic, for it is strongly acidic (titration), it gives 
acyl derivatives, and it fails to form an oxime, semicarhazone, or phenyl- 
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Anhydroscilloridinic 
acid methyl ester 


hydrazone. This indicates that the substance has little tendency to exist 
in the form of the 8-aldehydo unsaturated ester. Another indication of 
the cnolic character of the ester is the ability of the substance to form 
the ether, VI, on reaction with methyl alcohol and hydrogen chloride. 
On hydrolysis of anhydroscillaridinic ester (V) with aqueous alkali, fol¬ 
lowed by acidification, the original unhydroscillaridin A is regenerated. 

Scillaridin A itself reacts with methyl alcoholic potassium hydroxide 
in an exactly analogous manner to form an cnolic ester similar to V, but 
on recrystallization the compound easily Irises water and it has not been 
obtained in a pure condition. The fleshly prepared substance is con¬ 
verted by diazomethane into an ether-ester analogous to VI, and under 
hydrolytic conditions the ester linkage is rleaved without affecting the 
ether group. According to Stoll the loss of water from seilkridinic acid 
methyl ester (VII) is due to the formation of an iso-compound (VIII). 
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Hrillnriilinir jwiti 
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Isusnllantimie and 
methyl rstei 


Tho oxide ring of the isoaglycone is considerably more stable to hydrolysis 
than the corresponding five-membered oxide ring of the strophanthus- 
digitalis isoaglyconcs. 

The hydroxyl group concerned in the formation of the isoaglyconc 
evidently is tertiary in character, for scillaridin A docs not yield acyl 
derivatives and it is easily converted into an anhydro compound. The 
hydroxyl group must be located m the neighborhood of the lactone ring to 
account fdr the formation of the isonglycone, and the stability of the oxide 
bridge in this compound can be accounted for only by placing the hydroxyl 
group at Ci 4 , allowing the formation of a six-membered oxide ring. It 
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can be inferred that in the original glycoside the Cu-hydroxyl group is 
not bound to a sugar residue, for srillarcn A can be converted by means 
of alcoholic alkali through the enolic ester to an cBtcr of the iso-sericB 
without cleavage of the biose residue. 

In hia provisional formula for scillaridin A Stoll placed the nuclear 
double bonds at the 5,6- and 7, 8 -positions partly because, like crgostcrol, 
the aglycone gives a characteristic Rosenheim color reaction with tri¬ 
chloroacetic acid. Furthermore, it seems necessary to indicate a conjuga¬ 
tion between the ethylcnic linkages in order to account for a special 
relationship between scillaridin A and its glycoRidc. Although the biose 
residue (rhamnose-glucose) of scillaren A is of the type which ordinarily 
is very resistant to hydrolysis, the glycoside can be converted quantita¬ 
tively into Bcillaridin A by the action of 1 % sulfuric acid in 50% methanol 
solution at the temperature of the steam bath. The sugar unit (R) 
apparently is eliminated by cleavage (of HOll) rather than by hydrolysis, 
for a new double bond appears in the genm moiety as a result of the 
reaction. Stoll interpreted the lability of the hydroxyl group holding the 
sugar residue as an indication that it is in a position such that it is acti¬ 
vated by an ethylenic linkage of the glycoside, and thi>. view was con¬ 
firmed by the observation that this lability vanishes on saturation of 
the linkage in question with hydrogen. All attempts to hydrolyze hexa- 
hydroscillaren A were unsuccessful Stoll suggested formula IX for 
scillaren A as indicating this relationship, but in Analogy with other rases 
(page 280) it would be expected that a 7,8-double bond would labilize the 
tertiary hydroxyl group at C, 4 rather thnn the modified group at Cn. It is 
more likely that the ethylenic linkage is in the deposition with respect 


CH-O-CO 




to the carbon atom holding the bioBe unit, as in X. A substance having 
the bond structure attributed by Stoll to scillaridin A might be produced 
from X by the 1,4-elimination of HOR across the ring, The formula for 
scillaridin A is open to some question, however, for if the aglycone con¬ 
tains a conjugated system extending from CV, to f\ it is difficult to see 
why the Cu-hydroxyl group is not more labile. The elimination of this 
group and the extension of the conjugated system into ring D would be 
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expected to oecur under the conditions employed for the hydrolysis of 
scillaren A. It is conceivable, if less likely, that a substance of the 
structure X might lose HOR from the 4,5-position, and unsaturstion at 
this point would account equally well for the positive Rosenheim reaction 
shown by the aglycone. In view of the recent observation that the 
secondary hydroxyl group of epi'allocholesterol is subject to ready elimina¬ 
tion (page 282), it seems possible that scillaren A has the structure of 
XI, and this also would account for the color test and for the apparent 
absence in scillaridin A of an ethylenic linkage in the a,j8-poBition to the 
Cj 4 -hydroxyl group, for the conjugated system would extend from Ci 
to CV It is odd, however, that although the ready formation of scillaridin 
A from the glycoside indicates that the new double bond assumes a 
position of conjugation, there is no appreciable difference in the absorp¬ 
tion spectra of scillaridin A and scillaren A. Both substances show an 
absorption maximum at 300 in./«, which possibly is due to the Bystem 
of two double hond^ conjugated with the unsaturated oxygen atom in the 
lactone ring. An effect due to changes in the nucleus as the result of the 
hydrolysis is not apparent. Clearly the problem of structure requires 
further investigation. 

Physiological Activity of the Glycosides and Aglycones. 80 The plant 
heart poisons exert such a powerful and specific action on the cardiac 
muscle that bio-assays of tlie^c substances can be performed rapidly and 
with a considerable degree of precision. The frog method 81 is one of the 
most widely used procedures for the evaluation of the digitaloid drugs, 
and it is particularly well adapted to water-soluble products. Ouabain, 
probably the most potent glycoside of the group, is taken as the standard 
of activity. The minimal systolic dose of ouabain is between 0.00046- 
00054 mg. per gram of frog’s body weight. The activity is also expressed 
in terms of frog doses per milligram of material: approximately 2000 F. D. 
per mg. of ouabain. The limiting toxic dose per gram varies somewhat 
from animal to animal but not over a very wide range. For comparing 
the activity of digitaloid drugs and for estimating the therapeutic dose 
the Ilateher cat method 82 has certain special advantages. The drug is 
always administered by intravenous injection. The poison is very much 
Icbh toxic when taken by mouth. 

Chen, Chen and Anderson 81 made a careful comparison of several 
crystalline cardiac principles by the Hatcher cat method with the results 
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given in the table These mvehtigatois rrport that gitoxrn was not suffi¬ 
ciently soluble to permit standardization, and that uzann exhibited no 
digitalis-like action According to Gessner uzann has about one-sixtieth 
the activity of ouabain The nature of the sugar residue appears to be 

Diug 

Ouibun (g-Stiophmlhin) 

Oynnrm 
Sail ucn A 
DiRoxin 
Digit ox in 
The w tin " 4 

of little importance, foi difluent glycosides ul the ^ame gcnin air very 
similar m actmty k-Stiophanthm and r\ inarm, for example, aie prac¬ 
tically equivalent, as are digilanulc A and cligitoxm While itself not 
toxir, the sugu portion ol the molcrulo mflurnres the rhaiarter and 
intensity of the cardiac effect, piobably In uituc of its influrnce on the 
uater-solubihh and the diffusibility of the matcual The toxicity in\ an- 
ahly deciease^ on the rental of the sugar ninietv, and the cardiotonic 
effect of the aghtnne iibimlh is less peisistent than in the ease of the 
ghcoside The clegicc of aotmh of an agheone nppe us to be quite 
dependent upon its solubility in wain Strophanthidin is fanlv soluble 
in water and it approaches the gKcondc m toxicity (om-thml as toxic), 
snllaiidin A is xc 1 \ spaungly soluble in watci and it is about one-tenth 
as aetne as siilhren A 

The numbii of fice Indioxyl gioup* in the gemn pait of the molecule 
vaius fiom one (scillmn A) to h\e (nuabam), and theie aie instances 
of the oc euirciue of the se gi oups in all ot the foui inigs In all but possibly 
one case a secondaiv hvdiuxyl group is located at thp characteristic 
3-position, as in the ^tnuls It uas noted in an elriiei section that lizann 
differs from most of the othei ghcosidcs in the spatial arrangements at 
C\ and C (jB-Upe, allo-wm*) It is possible* that the almost complete 
absence of cardiotonic piopcrties in uzann is connected uith these steieo- 
chenncal diftercncos, loi the substance is closely lelated m structure to the 
more potent ghcosides, for example, to dieitoxin Anhydiodigitoxipemn 
probably differs fiom a - or 0-nnh>dro-UFarigemn only m having the cpi- 
configuration at C* and a cis linkage between rings A and B, and yet its 
glycoside is characterized by a high degree of potency It will be recalled 
that in the case of androstcrone the physiological actmtv drops to one- 
seventh the original value following an inversion at Cj, while an inversion 
at Cr, results m the complete loss of activitv It would be of great interest 
to determine separately the effects of c piinenzation and allomenzation in 
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the present case, and to inquire further into a possible parallelism in the 
relationships of structure and configuration to the two kinds of physiologi¬ 
cal actions. Ah a matter of pure speculation it seems likely that the 
arrangement of the Ca-hydroxyl group is the more important factor in 
determining the activity of the heart poisons, as in the precipitnbility 
of Bterols by digitonin. It may be a matter of significance that of nil of the 
aglycones investigated only the one from the weakly cardiotonic uzarin is 
precipitated by digitonin. Possibly a Cg-hydroxyl group in the /8-arrange- 
ment normal to the sterols interferes in some way with the cardiac effect, 
as by promoting the formation of an inactive complex with constituents 
of the blood stream. The (v/u-arrangement may offer no more opportunity 
for such inactivation than if the hydroxyl group were absent, which 
possibly is the case with soillaron A, one of Lhe most active of the poisons. 
From the present evidence there is little reason to believe that the 
number and positions of the other hydroxyl groups are of great importance 
except, perhaps, as they influence the solubility. 

There are definite indications that the cardiac effect is intimately 
associated with the unsnturated lactone ring. With the substanreB of the 
digitalis-strophanthus group the sutural ion uf the ethylenie linkage in 
the lactone nng n>ulls in a great decrease in toxicity. Dihydroouabain 
and diliydrocyin/irin are approximately one sixteenth and one twenty- 
tlurd as active as lhe original glycosides (Jacobs). Other dihydro com¬ 
pounds have been reported to be completely inactive (Wmdaus, Clootta). 
Another variety of imsaturaied lactone ring is present in scillaren A, blit 
it apparently has an entirely similar function The saturation of the 
ethylenie linkages in this ease practically wipes out the toxic character 
of the substance (Stoll). The eon version of a glycoside into an iso- 
compound uhu destroys the original condition of unsaturation in the 
lactone ring, and it is significant that the iso-emnpounds are completely 
inactive. When the lactone ring is opened without hydrogenation and 
without hydrolysis of the sugar grouping, the activity may not be entirely 
lost but it at least drops to the order of one five-hundredth of the original 
value (Straub, Stoll). From this it appears that the original condition 
of the lactone ring is very important. The fact that a latent aldehydic 
group having reducing properties is liberated on hydrolysis of Lhe lactone 
ring in the case of the drugs of the digitali*-strophantlms group would be 
taken as a eluc to the mechanism of the cardiac effect, were it not that in 
the ease of Rcillnrcn A the corresponding group is entirely enolie and 
devoid of reducing properties The mechanism is still entirely obscure. 

It would be of considerable interest to know something of the role of 
the Aetiocholane ring system. The complicated ring structure may serve 
simply as a convenient frame for the support of the effective lactone 
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grouping and for the attachment of solubilizing groupB. It does not 
appear impossible that this question can be answered by the investigation 
of synthetic substances having similar lactone groups attached to differ¬ 
ent ring systems. 

Toad Poisons 

That there is present in the toad an active, poisonous principle 
has been recognized since antiquity, and although the nature of the 
poison was endowed with various legendary beliefs throughout the middle 
ages it has long been recognized that the venom of the toad 1ms definite 
medicinal qualities. For centuries the Chinese have employed as a drug a 
dried preparation from a common toad. The remedy is known as Ch’an Su 
in China and as Senso m Japan. Ch’an Su is sold in the form of hard, 
dark brown cakes which are applied externally in the treatment of 
toothache, sinusiius, and hemorrhages of the gums. Dried and powdered 
toad skins were commonly used as a remedy for dropsy until Withering 
introduced the use of the foxglove drug. It has been known for nearly a 
century that the poison of the toad has n speeifir, digitalis-like action 
on the heart, the intravenous injertiun of very small doses in frogs 
promptly inducing systolic standstill. 

The poison is located in skin glands nnd material fur experimental 
purposes or for use as a medicinal can be obtained either from dried toad 
skins or from the living animal. The bulk of the poisonous secretion is 
contained in glands located behind the eyes and it may he obtained by 
expression. The toad suffers no ill effects from the treatment, and regenera¬ 
tion of the so-called “parotid” glands takes plare after the removal of 
the secretion. Investigation has failed to reveal any use made by the toad 
of its own poison, cither in self-defense or in body funrtions, and the role 
of the venom in the animal organism is no more clear than is the function 
of the physiologically nrtive alkaloids and heart poisons of plants.™ 

Early chemical studies of the constituents of toad poisons were under¬ 
taken by Faust, and by Phisalix nnd Bertrand. The American workers 
Abel and Maclit m (1911) were the first to accomplish the isolation of 
an active principle in a pure condition. The substance was named bufagin 
(L. bujo, toad). The exploration of the chemistry of the toad poisons 
has been conducted principally by H. Wieland, at the Freiburg and 
Munich laboratories. Pharmacological and chemical studies have been 
conducted in this country hv II. Jensen, of the Johns Hopkins University, 
in collaboration with K. K. Chen, of the Lilly Research Laboratories. 

The skin secretions of toads have been found to contain any or all 
of the following classes of compounds: bufotoxins (conjugated genins), 

■ K K Chen and A T< Chen, Ant i ntm pharmnmdynamir, 47. 207 (1034), 

■ J J AM md Marhl, J Am* Mti A linen , SO, 1S31 (1011), J. Pharmacol. 3,210 (1011). 
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bufagins (genius), sterols, adrenaline, and bufotenines. The bufotarins 
and the bufagins are responsible for the cardiotonic activity of the 
secretions, and they will form the chief subject for discussion below. The 
chief constituent of the sterol fraction is cholesterol, admixed, in some 
instances, with ergostcrol. hT Adrenaline has not always been detected 
in the poisonous fluid, but there ure instances oi its occurrence in astonish¬ 
ingly large amounts. Abel and Maclit Ba isolated the material in crystalline 
form, along with butagm, from the poison of the large South American 
toad, Bufo agva (inoic properly called B. mannii «), the concentration 
being approximately 5 per cent ot the secretion. Adrenaline also has 
been obtained from Ch'an Su ss and irom the secretion of the tropical 
toad, B. arenarum,™ and its piesencc in other species of toads Ims been 
established by color tests and bv means of blood-pressure measurements 
on pithed rats (Chen, Jensen and Chen NT ). It is surprising that the active 
principle of the suprarenal glands should occur also in the skin glands of 
the toad, und the amount of material stoicd in the ''parotid” glands of a 
singlo Jamaican toad (Bvfo maitnus) is mure than four times the amount 
present in a pair of human suprarenal glands M It is interesting that the 
Chinese drug Cli’nn Su has been found to contain, in addition to the 
cnrdiotonic agents, this piessor substance of lecognised astringent and 
hemostatic properties. 

The presence in the secretions of nlkaloid-hke organic bases other 
than ndrenalinc was indicated bv the wmk ot Phisalix and Bertrand," 0 
who obtained in a crude form a basic substance to which they gave the 
name bufotenine. Hnndovsky nl prepared se\eral crystalline salts of the 
compound, and the formula ChTT 1s O._,N 2 w as fully established by Wieland 
in 1931 1,2 Wieland obtained the substance from the common European 
toad Bufo vulgarit, and he isolated fium the same source a second sub¬ 
stance, bufotcnidine, which proved to he the quaternary ammonium base 
of bufotenine. Bufotcnidine was also isolated by Wieland from Ch’an Su, 
and Jensen and Chen ss found in this poison a substance probably identical 
with bufotenine.* 3 

»K K Chin, Jrimn and A I. Chm, JVor Sor Krirtl Bid Vid , 25, 60"., 107 '1612). lm J 
Phynal , 97, SU (1611), 101, JO (1132), 2 Pharmaml ,4V, 1,11. 2b (16111 K K Chon Slid A L Chen 
ihtd , 49,60d, 611, 616 (161.0 

« Jensen and K K Chen , J Biol Chtm , 82, 367 (1626), 87,741 (16JU) 

•• Deulnfnu, Z Mynol Chrm , 217,171 (1636) 

N Phieahx and Bertrand, Ctmpl rend sm hial , 4S, 477 (lsO$) 
n Handoveky, Arch erpti Path Fharmnkol , B6,13S (1920) 

M Wieland, Hpbm and Mittaach, Bor , 64, 2090 (1931) 

■ Jensen and K K Chen, ibid , 65, 1U0 (10.12), investigated the -dun wrctionj of larlve bpclim 
of toads from five different continents and s< panted fiom the bnnir fraction*) mstallmp "bufotenines 
aaaalts, mostly aaflavunatni Without ib minis (rating the punt> ui the individuality of these prepara¬ 
tions, each was given a name composed of a prefix, indicating the name of thr speiies oi Hid place of origin, 
and the generic term "bufotenine " While exhibiting son to diffm cnees m pharmacological aotivity an9 
in oompoaition, these materials were ull veiy similar, and the ixistonce of pure bases other than Wie- 
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On the grounds of certain pharmacological observations, Jensen and 
Chen M expressed the conjecture that bufotenine is a derivative of 
tryptamine, and this proved to be a correct inference. In later work, 
Wieland M was able to establish by synthesis the structure of bufotenine 
(I) and its betain derivative (II). Bufotenine bears a striking structural 
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relationship to physobligmine (III), the principal alkaloid of the Calabar 
bean. Although many naturally occurring substances arc known to be 
derived from 6-hydroxyindole, and probably are synthesized in the cell 
from tyrosine, bufotenine and phvbo&tigmine arc the only known natural 
derivatives of 5-hydruxyindnle, and their origin is still obscure. Bufotenine 
has a pressor action similar to that of adrenaline but less pronounced. It 
produces a rise in blood pressure m pithed cats due to both vasoconstric¬ 
tion and enrdiar stimulation 

The Cardiotonic Constituents. The active poisons of the toad secre¬ 
tions occur in the form of conjugated compounds which occupy a position 
roughly corresponding to that of (he cardiac glycosides, for on hydrol¬ 
ysis of a conjugated compound, or bufotoxin, a genin (bufagin) is liber¬ 
ated. The best-known example is the compound bufotoxin, from Bufo 
vulgaris, discovered and characterized by Wicland and Allcs. ,Ki This 
substance (C 4 oH Q2 OnN 4 , m.p. 205°) is the suberylarginine ester of the 
genin bufotalin. In the animal organism bufotoxin apparently undergoes 
cleavage to a certain extent according to Equation 1, as detailed in 
Equation 2. The process is not one of hydrolysis but involves the 
elimination of the conjugated acid with the production of a double linkage 
in the genin moiety. Under truly hydrolytic conditions the conjugated 
acid is converted into suberic acid and arginine. Under such conditions 
bufotalin loses one molecule each of acetic acid and water and yields 
bufotalien, as in (3). Bufotalin is thus the acetyl derivative of a com- 

■ Wiriand, Koiu and Mitlanch, Ann , 513,1 (1*134), «ip also Hoshinn and Hliunodaira, iftrd , 520, 
10 (1035) 

"WielimUnrf Allit, Bvt . 55,17AO (1022). 
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(1) C,iH„0,00C(CH,)(CO>NH<j!H(CH,),NH^\H, 

<JO,H NH 
Bufotoxin 


(2) (j/H—A —O'COR 

Bufotoxin 

(3) CibHirOo JILL 
Bufutaiin 


CjoHmO, + HOOC(CH|)gCO*NirCH(Cn,)jNH(jNH| 

CO x H Nil 

Bufotalin Ruberylar^inine 

->■ C-A + IIO'COR 

I I 

Bufotalin 

CiiHmOj + CHjCOUH + H s O 
Hufotalicn 


pound which is easily converted into a dianhydro derivative, and in con¬ 
sequence of this instability the hydrolysis of bufotoxin by dilute acidB 
yields only bufotalien, along with suherylargininc (or its hydrolysis 
products). Since toad secretions are found to contain both bufotoxin and 
bufotalin in varying proportions, it is inferred that in the organism the 
cleavage takes the course defined in the first equation. 

Wielund and Yocke 08 isolated a similar conjugated compound from 
the dried skins of Japanese toads and called the substance gamabufotoxin, 
“gama” being the Japanese word for toad. Gamabufotoxin (C 8 sH«uOaoN 4 , 
m.p. 210") differs in composition from bufotoxin only in the absence of an 
acetyl group, and on acid hydrolysis it yields suberic acid, arginine, and a 
substance, m.p. 204° (CViH.ihO,), which is not the tme genin, but which 
can be obtained from it. The genin itself, gainabufogenin, was found in 
the toad secretion along with gamabufotoxin. On treatment with con¬ 
centrated hydrochloric acid it is converted into an nnhydro compound, 
m.p. 261 having the same composition as the hydrolysis product of gama¬ 
bufotoxin, but it iB not identical with this substance (m.p. 204°). On heat¬ 
ing the hydrolysis product with concentrated hydrochloric arid, however, 
it rearranges to anhydrognmabufogcuin, m.p. 261°. 

The conjugated compounds and the genins arc similar in physiological 
activity, the suhcrylargininc moiety modifying only to a minor extent the 
cardiotonic quality of the genin. The effect on the heart is very similar 
to that of the digitaloid drugs, and the toxicity is of the Bnrne order of 
magnitude. Bufotoxin and digitoxin arc about equally toxic, as judged 
by the different methods of assay, but there is a marked difference in that 
neither bufotoxin nor bufotalin has the persistency of action characteristic 
of digitoxin and the other cardiac glycosides. The persistency of action, 
which possibly is associated with the presence of the sugar groups, is an 

■ Wirluid and Vnekr, dim., 4B1, 213 (1130). 
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important quality in heart therapy, and it is perhaps because the active 
principles of the toad poisons lack this property that, from such clinical 
studies as have been conducted, they appear to possess little therapeutic 
value as compared with the digitaloid drugs. 83 

Isolation of the Genins. Although the difficulty of obtaining large 
amounts of the toad poisons has necessarily limited the Btudy of the 
occurrence of the active principles, some idea of the quantities of materials 
present in the skin secretions can be gained from the following estimates, 
which are based largely upon the investigations of Wicland. A single dried 
toad skin weighing about 15 g. yields about 7-10 mg. of the pure genin, 
or a correspondingly larger amount of the conjugated compound. From 
the glands of a single live toad there cau be obtained by expression about 
13 mg. of (dried) secretion, of which about 4.5 mg. can be recovered as 
crude genin and about 0.07 mg. can be obtained as pure bufotenine. A 
single Jamaican toad yields about 260 mg. of dried venom. When the 
dried skins arc used as a source of material they arc submitted to cold 
extraction with dilute alcohol for a period of several months. The organic 
Bolvent is evaporated in vacuum and replnerd by water, which retains 
the basic constituents as salts and causes the genins to precipitate. A 
more satisfactory method of obtaining supplies of poison was developed 
by Abel and Macht and later used in the extensive investigations of 
Wicland at Freiburg and Munich. The toad is caught and the secretion 
contained in a pair of large glands located behind the eyes is expressed with 
flat forceps. The stream of milky fluid is caught in a bowl inverted over 
the toad, and the only protection required by the operator is a pair of 
eyeglasses. The animal is set free at the place of capture and suffers no 
injury. In a ten-day period it was possible to collect the serretion from 
27,000 common toads found in the environs of Freiburg. There was no 
abundnnre of dead tonds following the collection, and the number 
captured was very nearly the same in two succeeding years. 

The Structure of Bufotalin. In his first work on bufotalin in 1913, 
Wieland 97 was impressed by the striking similarity of this substance to 
certain other natural products. The positive Liebermann-Burchard test 
was reminiscent of the sterols, while the peculiarly specific effect of the 
substance on the heart suggested a close relationship to the cardiac 
aglycones. Like these latter substances, bufotalin appears to contain a 
characteristic unsaturated lactone ring which is intimately associated 
with the physiological activity, for the toxic character is largely lost on 
hydrogenation. That a center of unsaturation iB located in the lactone 
ring is indicated by the fact that the acid liberated on hydrolysis iB so 
sensitive and alterable that it has thus far eluded isolation. 


» Wwland and Wail, Btr , 46,3315 (1918). 
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Further similarities can be Been in transformations which reveal the 
character of the other functional groups. The conversion of bufotalin (I) 
into a ketone (III) on oxidation, establishes the presence of a secondary 
hydroxyl group, which is also indicated by the formation from I of an 

Bufotalin (m. p. 148")_ uri _. BuJotalien (m.p 225°) 

(1) C.H„0« (l*™ of CHflmm.HrfJ) (11) C a4 H,oO, 

|-2H \ZH. |4Hi 

JSufotalonn (m p. 2fi5°) Hydmbufotahn (m. p. 205°) Butotalam* (m. p. 199°) 

(III) C a .H«0. (IV) C 2 bH 40 O 8 (V) c* 4 h 4b o. 

acetyl derivative. The absorption of two moles of hydrogen to produce 
the neutral substance IV proves the presence of two double bonds, while 
the formation of the yellow butotalien (II) with the loss of acetic acid 
shows that bulotulin contains an acetoxyl group. Two additional double 
bonds arc introduced in the production oi buiotalien (II), as indicated 
by the composition of the hydro derivative (V), and the fact that 
bufotalicn is colored suggests a condition nf conjugation of the unsatu- 
rated linkages. That the original secondary hydroxyl group is still intact 
in V is shown by the oxidation of the substance to a ketone, bufotalanone. 

Clearly bufotalin is the acetyl derivative of a doubly unsaturated 
trihydroxy lactone, and by 1920 careful analyses had established that 
the parent substance is a C 2 4 -compound having four reduced rings. 98 
This strongly indicated a close relationship to the bile acids, which also 
arc Cju-eompounds, and, after the method of mass extraction of poiBon 
from living toads had made available sufficient material for investigation, 
an attempt was made to bridge the gap between the two scries." If there 
is such a relationship a cholanic acid should result on the removal of 
the hydroxyl groups, hydrogenation, and cleavage of the lactone ring. 
The chief difficulty encountered was in opening the lactone ring in a 
satisfactory manner. This could not be done prior to hydrogenation 
because of the alterable character of the hydrolysis product, and in the 
saturated compound bufotalane (V) the lactone ring resisted attempts to 
achieve a reductive fission. Examples have been given elsewhere in this 
chapter of the reductive cleavage of lactone rings having a double bond 
in the proximity of the point of attachment of the oxide linkage (pages 
279, 296), and a similar reaction served to overcome the difficulty in the 
present instance. It was found that on hydrogenating acetyl bufotahen 
in the presence of a special catalyst, a part of the material was converted 
into a saturated lactone, acetyl bufotalane, while a part yielded a nicely 

■ WioUnd nnd Wpyland, Bayr Akad Ww , 320 (1920) 

w Wielaml, Ilwe and ti Mcypr, Ana , 403, 272 (1932) 
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crystalline acid having the composition of an aoetoxycholanic acid. 
Hydrolysis gave a substance isomeric with the hydroxycholanic acids but 
not identical with any of the known substances of this group. In order 
to reduce the number of possibilities for isomerism the hydroxyl group 
was eliminated by pyrolytic dehydration to An unsaturated compound, 
followed by hydrogenation. The product was very similar to the four 
known cholanic acids, namely cliolanic acid, alio-, urso-, and bufo- 
cholanic acid (page 127), but it wus not identical with any of these sub¬ 
stances. Wielond was inclined to believe that the difference is a stereo¬ 
chemical one and that the structures arc the same. There is ample oppor¬ 
tunity for steric rearrangements in the saturation of the four cthylenic 
linkages of bufotalicu. Wicland named his degradation product iso- 
bufocholanic acid, and in 1935 lie obtained, with Hesse, 1 further evi¬ 
dence indicating a bile acid ring system for bufotalin. On dehydro¬ 
genation with selenium, the substance (4 g.) yielded a small amount of 
a hydrocarbon identified as somewhat impure chrysene. Taken in 
conjunction with the great amount of accumulated information regard¬ 
ing the dehydrogenation of cholesterol, cholic acid, and oestrone, this 
evidence strongly supports an aetiocholanc ring system for the toad 
poison genin. 

Support of this view has been presented by Miss Crowfoot in her 
work with bufagin 2 An X-ray crystallographic study of bufagin gave 
the value 446 * 9 for the molecular weight of the compound contain¬ 
ing one molecule of alcohol of crystallization, which is in good agree¬ 
ment with the molecular weight, 446, calculated on the basis of the 
formula ChR^O.-;. The X-ray measurements point clearly to an outline 
skeleton similar to that of the cardiac aglycones. Although bufagin and 
bufotalin have not yet been correlated, and although a definite proof of 
the ring system is still lacking, it is reasonable to suppose that the carbon 
skeleton for these toad poiBon principles conforms to the usual Rterol 
pattern. 

Accepting the structure VIT for isobufocholanic acid, bufotalin may 
be assigned the outline formula VI. According to observations of Wieland 



> Wirlud and Hmm, Ann , 517,23 (1035). 

1 Crowfoot, Chmutry and Industry, 54 f 668 (1086). 
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and Hesse, 1 the side chain very probably has the structure of a y,d- 
unsaturated ^-lactone (a), one important piece of evidence being the 
isolation of formic acid as a product of the ozonization of bufotahn: 

ClI-O-CO_OH-OH 

—C-CH,-CH, 0 

(a) 

It is consistent with this formulation that the Legal nitroprusside test 
is negative, and the cleavage of the lactone ring under special conditions 
of hydrogenation also demands the location of a double bond in the side 
chain. The structure (a) represents the lactone of an aldo-enol acid, and 
the hydrolysis should proceed, at least in the first stages, as follows: 

OH—O —CO _ h OHOIl COiH _ _Clio co,n 

— C-CHj-CH, -0-CH,-CH, ^ -UH-CH.-CH, 

(a) (b) (r) 

Because of the extreme sensitivity of the hydrolysis product to alkali, it 
wns not easy to demonstrate the presence of the latent or free aldehydic 
group, (b) or (c), but this eventually was accomplished by conducting 
the hydrolysis in the presence of aminoniacal silver hydroxide solution 
or the Schiff reagent, when strong reducing properties were revealed. 

Another enlightening observation was made in the case of bufotalone 
(VIII), which forms a somewhat more stable acid on hydrolysis. On 
treatment with very dilute alcoholic alkali at 0° for 5 hours, there was 
obtained after acidification an onhydro compound (IX) having the 
character of an acid, but totally lacking in reducing properties. The 
conditions .of the rcartion are so mild that the original acetyl group is 
retained. Sinee the loss of water occurs without relactonizntion, it 
must result from the interaction of the aldehydic group with a con¬ 
veniently located hydroxyl group of the ring system. The reaction 
closely resembles the isomerization of strophanthidin nnd of scillaridin A, 


CHiCH.ro 
I i 
C-CH-0 


OH*! 
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CH,CHjCO,U 

...r-CHOH 

C ,"'L 


d>H (viii) 
Bufotalone 


"IT 


CHsCHjCOill 


(IX) 

Anhydmbufotnlonir acid 


and by the usual reasoning it indicates that one of the hydroxyl groups 
of bufotalin probably is located at Cm. 

The elucidation of the character of the side chain establishes a close 
structural relationship between the toad poison genins and the cardiac 
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aglycones. According to the evidence available, strophanthidin, seillaridin 
A, and bufotalin contain similar groupings. In each case the action 

ch -o cju- o co cu- o co 

-t-CH.-CO -C-CH-CH -C-CII j—CH| 
Strophanthidin Seillaridin A DafoliUin 

on the heart appears to depend primarily upon the presence of the 
unsaturated lactone ring. Specifically, bufotalin is moBt closely related 
to seillaridin A, for both are derived from Cj 4 -structures. If the present 
formulations oi the side chains are correct, it may be possible to correlate 
bufotalin with the bile acids by way of seillaridin A. The saturated 
ketone bufotalanone of Wieland, Hesse and Meyer •• on elimination of 
the carbonyl oxygen atom should give a substance having the structure, 
and possibly the configuration, of Stoll’s saturated lactone (page 296). 

For bufotalin Wieland and Hesse 1 have suggested with reservation 
the structural formula reproduced in the chart below, but they regard 
this as but one of many possibilities. Although the information regard¬ 
ing the loration of the various characteristic groups is assuredly meager, 
there arc considerations which lend definite weight to this povisional 
formulation of the genin, and to the corresponding structure assigned to 
bufotoxin. The plaring of the «erondarv hydroxyl group at Cj is purely 



arbitrary, but in analogy with the other natural products thiB is an 
inviting hypothesis. The other three characteristic groups of bufotoxin 
appear to be interrelated. When subcrylarginine is cleaved from the 
molecule under very mild conditions, as in the animal organism, a double 
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bond is introduced into the ring system. This easy elimination of the 
add reddue is indicative of a tertiary linkage, as at Cg. Bufotalin, in 
turn, easily loses the elements of acetic acid and water, which is interpreted 
as showing that either the acetoxyl group or the tertiary hydroxyl group 
is in a position to be activated by the nuclear double bond. Since both 
groups are eliminated together in the formation of bufotalien they muBt 
bear the 1:3 relationship; when one is lost the new double bond 
labilizes the remaining group. Evidence cited above indicates that the 
unacetylated hydroxyl group interacts with the side chain and probably is 
located at Cm, and the acetoxyl group may tie placed at the alternate 
CT-position. The fact that the group which is present in acyl combina¬ 
tion, and which therefore is probably secondary, is also cadly eliminated 
(like a tertiary group), finds adequate explanation in the tendency to 
form a conjugated system. The formulation of bufotalien is consistent 
with the fart that it is colored. To recapitulate, three of the attached 
groups of bufotoxin appear to bear the 1:3:5 relationship, and the recog¬ 
nition that one of these groups is situated nt Cu locates the other two. 

Gamabufogenin (C^HaiO-,), m. p. 255°. This genin, isolated from the 
skins of Japanese toads by Wieland and Vocke, 98 has the composition 
of the parent substance of which bufotalin is the acetyl derivative, but 
the two scries are different. While the poisons from B. vulgaris give 
unusually intense color displays in the Liebennann-Burchnrd reaction, 
the gama compounds give only feeble tests. Wieland suggested that 
this may be because a less extensive unsuturated system is produced in 
the course of the renction with arctic nnhydridp and sulfuric acid, and 
a relative stability is indicated clearly by the fact, alreadv noted on 
page 305, that gamabufogenin forms only a monoanhydro compound under 
the influence of hot, concentrated hydrochloric acid This is in marked 
contrast to the conversion of bufotalin by rold acid into the dianhydro 
derivative bufotalien, and it provides nn important clue to the structural 
difference. The hydroxyl groups of gamabufogenin evidently arc not 
distributed in such a way that the elimination of one group causes a 
second one to become labile. Since the aenin forms a diaretyl derivative 
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(m.p. 252°) two of the groups are secondary, and the group capable of 
being eliminated is probably tertiary. The provisional formulas shown 
for gamabufogenin and its conjugated compound, gamabufotoxin, may 
be suggested as meeting all of the known requirements. 

According to this formulation the chief difference between bufotalin 
and gamabufogenin is that one of the secondary hydroxyl groups of 
the latter substance is located in ring C rather than in ring B. This 
provides an explanation of its failure to become labile following the 
production of an anhydro linkage on the elimination of the tertiary 
hydroxyl group at O 14 . In the formulas the group in question has been 
placed at one of the bile acid positions, C, 2 , but an equally possible 
location is at Cu. 

The venom of the Japanese toad B. vulgaris Jormosus was also investi¬ 
gated by Kotake 8 who obtained from the dried skins of some 5,000 toads 
30-40 g. of a genin which he at first regarded as a new substance (“gama- 
bufotalin, C-tH^O,”), but whirh lie later 4 recognized as identical with 
gamabufogenin. 

The Active Principles of Ch’an Su. There have been a number of 
conflicting reports regarding the rardiac principles of Chinese toads and 
of the drug Ch’an Su and the problem is at present too unsettled to 
warrant any but a brief summary of some of the more significant 
observations. 

Jensen and Chen” isolated from Ch’an Su a substance melting at 
223° (acetate, m.p. 196°) to which they assigned the formula CanH^O, 
or C 2 fl n S 4 0fl and the name cinobufagin. Cinobufngin apparently is 
identical with Kotake’s “bufagin ” 8 (m.p. 221 °; acetate, m.p. 197°) from 
the same source. X-ray measurements of Miss Crowfoot 1 indicate a 
molecular weight of 447 ± 10, which agrees best with the C 2 «-formula 
(442). The substance appears to be the acetyl derivative of a C 24 -com- 
pound, acetic acid being liberated on hydrolysis. The presence of a lactone 
ring, a secondary and a tertiary hydroxyl group, and two double bonds 
is indieated (Kotake, Jensen 7 ). In the secretion the substance is con¬ 
jugated with suberylargininc (Jensen and Chen). Pharmacological 
studies of Chen and Chen 8 indicate that the drug Ch’nn Su probably is 
prepared from the Chinese toad Bufo bufo gargarizans. Recently 
Tschesebe and Offc 8 confirmed the composition and the melting point 

1 Kotake. Ann , 465,11 (1929) Rep alan K K Chen, lenten and A L Chen, / Pharmacol , 49, 
28 (1933). 

«Kotake, Bey Paprre Inst Phys Chem Research (Tokyo), 24, 39 (1034) 

1 Jensen and K K Chen, /. Biol. Chcm , 87, 741 (1930) 

" Kotake, Ann , 465,1 (192R) 

7 Jensen, An cnee, 75,53 (1932) 

■ K K. Chrn and A. L Chen, J Pharmacol , 49, M3 (1933) 

■ Tw-heirhe and Offe, Ber , 68,1998 (1935). 
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reported for cinobufagin by JenBen and Chen. These investigators 
subjected the genin to dehydrogenation with selenium and obtained 
the Diels hydrocarbon, thus identifying the nng Bystem with that of 
the sterols. 10 They report that 2.5 kg. of Ch’an Su yielded 15 g. of 
rinobufagin. 

Kondo and Ikawa 11 have investigated extensively an apparently 
different substnnee from Ch'nn Su and from Chinese toads. The sub¬ 
stance was at first thought to be identical with WielamT’s bufotalin, 
but differences became apparent on further investigation and the com¬ 
pound was called pseudobufotalin. The substance is said to sinter at 107° 
and to melt at 145-146°; it is assigned the formula CsuHscOs and regarded 
as the acetyl derivative of a Csi-compnund. In the moBt recent report, 
Ikawa has suggested for it-bufotalin a formula whieh he regards as estab- 


Cll, 



lished in all points except the location of the acctoxyl group and the 
secondary hydroxyl group. The principal lines of evidence cited, besides a 
general characterization of the functional groups, arc the isolation of the 
Diels hydrocarbon as a product of dehydrogenation and the systematic 
degradation of the side chain of desacetyltetrahydro-ty-bufotalin by suc¬ 
cessive Grignard reactions and oxidations. This was extended to include the 
opening of the five-memkered ring, and the ability of an acidic degradation 
product to form a lactone ring with the tertiary hydroxyl group provided 
evidence that thiB is located at C#. 

The experimental details of this important work have been published 
only in the Japanese language and the author has been unable to evaluate 
the evidence from the summaries in German. If the claims are indeed 
fully substantiated, tp-bufotalin differs from all other cardiac principles 
in having a saturated, rather than an unsaturated, lactone ring. Further 
remarkable features of the suggested formula are that the side chain 
skeleton does not conform to that of any known sterol and that the usual 
angular methyl group is missing at Cm- The latter point appears highly 
uncertain, since it iR based purely on analytical data. 

11 The observation was ronfinned by .Trnwn, J .1 m Chm Sot , 57, 2733 (1035). 

» Rondo and Ikawa, S. Pharm. Soe. Japan , 53, 2, 82 (1033); 54, 22 (1034); Ikawa, ibid., 55,40, 144 
(1B35) 



814 


TOAD P0I80NB 


According to Kobayashi u the cardiotonic activity of ty-bufotalin “ 
cats ie about one twenty-fifth that of ouabain. Chen and Chen u found 
cinobufagin to be about one-half as active as ouabain in the cat test. 

Bufagin (C^H^Os), m.p. 213°. Bufagin was first isolated from the 
tropical American toad B. agua ( B. marinus) by Abel and Mocht in 
1911, but no chemical characterization of the substance was undertaken. 
Later Jensen and Chen 13 isolated an identical substance from the same 
source and on the basis of closely agreeing analyses of the genin and its 
monoacetyl derivative (m.p. 204°) they suggested the formula C]gHsgO 0 . 
Jensen 7 later made a preliminary report of Bonie of the reactions of 
bufagin, and stated that on treatment with cither acids or bases a molecule 
of formic acid was liberated. Noting the close similarity in chemical and 
pharmacological properties to the cardiac aglycones, all of which at the 
time were regarded as C 2 i-coinpounds, Jensen suggested that bufagin is 
the formyl derivative of a Css-compound. The formula CuHssOr is in as 
good agreement with the analytical data as the earlier formula, and it 
has been substantiated by the X-ray work of Miss Crowfoot, 8 but the 
relationship to the plant heart poisons iR not that suspected when the 
formula was propoRcd. 

In 1934 Jensen and Evans 14 described further some of (he trans¬ 
formations of bufagin. The substance is a lactone, and the formation 
of a monoacetyl derivative indicates the presence of a secondary hydroxyl 
group. On catalytic hydrogenation bufagin is converted chiefly into a 
tetrahydro derivative (m.p. 211°) showing that two double bonds are 
present and there is also produced a small amount of an acidic compound 
which possibly results from the reductive cleavage of an unsaturated 
lactone ring. The formation of a dianhydro compound under the influence 
of boiling, dilute alcoholic sulfuric acid suggested the presence of two 
tertiary hydroxyl groups. 

Reinvestigating the action of boiling alcoholic alkali on bufagin, 
JenBen and Evans obtained, after acidification, on amorphous acid 
(bufaginic acid) to which they assigned the formula C 21 H 3 40 |,, indicat¬ 
ing the loss of one enrbon atom. The other product of hydrolysis was 
identified as formic acid, but it wns pointed out that this may arise from 
formaldehyde through the Cannizzaro rcnction. While mild treatment 
with acids gives, if in poor yield, dianhydrohufagin, it wbb found that on 
treating bufagin with 50% sulfuric acid at 70°, formaldehyde could be 
detected as a cleavage product. The other product waR not identified. 
On the basis of thiH observation, and in view of the evidence that other 
toad poisons arc ^-compounds, the earlier idea of a formylated C»- 

* Kobayashi, Proe. Imp. Acad. (Tokyo) 11, 2W (1935). 

u Jensen end K K Chen, J Biol. Chtm., B7,755 (1930). 

u Jensen and E. A Evans, Jr, ibid., 104, 307 (1934). 
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derivative was abandoned. In analogy with the acetolysia of ouabain 
(page 291), in which formaldehyde is liberated, Jensen and Evans 
adopted the explanation suggested in the other case by Jacobs and 
Bigelow, namely that the formaldehyde comes from a doubly bound 
methylene group. This explanation appears no more appropriate heie 
than in the case of ouabain. The cleavage reaction probably involves 
a rearrangement and should be regarded as evidence of only secondary 
importance. 

The X-ray work affords such a convincing indication of the outline 
structure of bufagin that some speculation regarding the possible nature 
and location of the functional groups appears justified. It is suggested 
that formulas I and II for the genin and its dianhydro derivative account 




for all of the observations reported. The ready elimination of two 
hydroxyl groups, one of which is secondary, is attributed, aB in the case 
of gitoxigenin (page 280), to the special 1:3 relationship between them. 
The presence of an angular aldehydic group is inferred chiefly from the 
accurately established empirical formula (and the apparent absence 
of additional hydroxyl groups capable either of acetylation or of elimi¬ 
nation). The liberation of formaldehyde under certain conditions may 
be the result of an aromatization of ring B with the expulsion of the 
aldehydic group. 

Other Toad Poisons. Investigations of the skin secretions of various 
other species of toads indicate the existence of still otheT poisonous 
principles. The substances listed in the table, page 316, apparently have 
been isolated in a pure condition, but only preliminary characterizations 
have been reported. Quericicobufagin and veridobufagin are similar in 
properties and possibly identical, but a direct comparison has not been 
made. 

Although the problem of the structure of the toad poisons haB not been 
solved completely in any one caRe, the work has progressed sufficiently 
far to show that there arc a number of different members of the group 
and that they are more or less closely related to one another and to the 
plant heart poisonR. The most fully characterized toad poison appears 
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Source of toad 

Gcnin 

M.p. 

Probable 

formula 

Derivatives! m.p. 

Argentina 

Arenobufagin 15 ’ 10 

| 

ms 

Monoacetato, 163° 

South Africa 

Regularobufugin 10 ’ 17 


^25^34^6 

Monoanhydro com¬ 
pound, 265° 

North America 

Valliccpobufagin 18 

212-213° 



f North America 

Qucricicobu fagin 18 

268-250° 

c 23 h :i1 0, 


l Europe 

Veridobufagin 10 

255-255 5 c 

w 3 

Diacrtale, 254° 


to have the same skeletal structure as the bile acids, and this is true also 
of scillaridin A. The majority of the cardiac aglycones have one less 
carbon atom in the side clinin. The most distinguishing characteristic of 
the cardiac principles, in comparison with the bile arids, is that the sterol 
side chain is hydroxylatcd, as well as being oxidized to an acid group, and 
that the two functional groups arc combined in the form of a lactone ring. 
The lactone ring, which almost invariably is unsaturated, is largely 
responsible for the physiological action. Another interesting difference 
is that the poisonous principles usually rontain tertiary hydroxyl groups 
in the nucleus, in addition to the secondary groups characteristic of 
sterols and bile acids. From such evidence as is available it seems likely 
that the cardiotonic substanres are products of the biological oxidation 
of sterols. Clearly the origin and function of the poisons and the prob¬ 
lem of correlating the structures and physiological actions of these inter¬ 
esting substances offer a most inviting field for further investigation. 

“ K K Chi'll, Jenwn and A L Chpn, / Pharmnrri , 49,1 (1931). 

11 Jpusen, J Am Chtm Sor , 57,17RJ5 (1933). 

DR R Chnn and A l Chpn, J Pliarmaro] , 49, JW)3 (11)33). 

u/rfrm, ibid ,49, R26 (1033) 

11 K. K. Chpii, Jenvn and A L Oh"ii, ibid , 49, 11 (1931) 













Chapter VII 
Saponins 

Substances of plant origin having, like soaps, the property of forming 
colloidal aqueous solutions which foam on shaking are known as saponins. 
The class is a broad one, for substances of several different chemical types 
and having various distinct actions on the animal organism conform to 
the above definition of a saponin. The plant heart poisons arc saponins 
and the toad poisons arc at least saponin-like compounds, but these Bub- 
stances have distinctive physiological properties which set them apart 
from those with which the term saponin is most generally associated. In 
the following description of the properties of these other saponins, the 
observations apply only to the restricted group exclusive of the cardiac 
poisons. 

The saponins are glyeowdic substances which, in addition to their 
foam-fonuing action, are recognizable by their ability to bring about 
the hemolysis of red blood rorpuscles even at high dilutions. Many have 
a bitter taste, cause sneezing, and irritate the eyes. Among the more 
abundantly occurring saponins are those found as mixtures in soapwort, 
soaproot, soapbark, snake root, Bmilax, and plants of the gourd family. 
Considerably rarer are the saponins found in digitalis plants along with 
the cardiac glycosides. Crude saponin mixtures arc readily obtainable 
from the more abundant sources, but the isolation of the pure glycosides 
is a problem of unusual difficulty. Saponin mixtures, or parts of the 
plants themselves, have found various uses by virtue of the ability of the 
glycosides to produce a soapy lather in nqueous solution. The plants 
have been employed since earliest timcR as soaps, fish poisons, and reme¬ 
dies. Unlike ordinary soaps, the saponins are not Balts and they are not 
precipitated in hard water. Since the solutions do not give an alkaline 
reaction, saponins at one time were preferred for washing delicate fabrics 
and for use in the presence of sensitive dyes. Saponin-containing plants 
were employed by primitive peoples to poison fish without rendering 
them inedible. The fish arc cither dazed or killed when the saponin is 
introduced by macerating the plant in the water. Aqueous extracts of 
sarsaparilla root from various species of fimilax have been used medici¬ 
nally for several centuries. Saponins have found some use as foam pro¬ 
ducers in fire extinguishers and, in admixture with ordinary soaps, in the 
manufacture of Bhaving preparations. Small quantities of saponins taken 

317 
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by mouth do not appear to be harmful, probably because they are not 
absorbed through the intestinal wall. 1 * 

While very few saponins are known in a pure condition, extensive 
characterizations have been made of a number of their hydrolysis prod¬ 
ucts, the sapogenins. These are all hydroxylated polynuclear compounds 
and some of them contain acidic groups Recent dehydrogenation studies 
have shown that the sapogenins can be divided into two classes, those 
which, like certain polynuclear triterpenoid compounds, yield mixtures 
of aromatic hydrocarbons rirh in naphthalene derivatives, and those which 
Bre converted into the Diels hydrocarbon and which therefore have Bterol- 
like structures. The sapogenins of the second group clearly arc related 
in structure to the cardiac aglycones and Borne of them, in the form of the 
saponins, occur with the heart poisonB in digitalis plants. Saponins of 
the digitalis group arc the only ones which have been characterized as 
chemical individuals and they will be described below in a separate section 
preceding a discussion of the Btcrol-hke sapogenins. 

Robert's original classification of the saponins as acidic and neutral 
according to the behavior of the substances themselves has been largely 
abandoned because the knowledge of the pure substances is too meager 
and because the differences arc not sharp 1 A classification of saponins 
based on the nature, aridic or neutral, of the aglycones obtained on hydrol¬ 
ysis, waB for a time employed by Tschesche, 3 but this appears less reliable 
than that based on the results of the dehydrogenations It is true that 
most sapogenins of the type related to triterpenes contain acidic groups, 
and that the few sapogenins known to have sterol-hkc structures arc 
neutral substances. There is, however, at least one doubtful case in the 
first group, aescigenin being a neutral sapogenin, and there probably are 
other exceptions which still await investigation. 

Thiterpenoid Sapogenins 

The recognition that certain of the sapogenins belong to a separate 
chemical group was due to Ruzicka. 4 On dehydrogenation with selenium 
at a high temperature the Bapogenins of this group yield similar mixtures 
of hydrocarbons containing, in every case investigated, the characteristic 
degradation product sapotalene. This substance has been identified aB 
1,2,7-trimcthylnaphthalene, and its regular formation from a large num¬ 
ber of natural products suggests a common feature in their molecular 
structures 

1 Tflriimrhe, Z angew Chem , M, 560 (1035) 

1 L Kofler, "Dip Saponins," J Springer, Vienna, 1027 

> Tschesche, Ber , 60,1000 (1035) 

4 Rusioka and ro^workan, Hth Chm Ada, 15, 431, 1496 (1032), 17, 442 (ID Ji) 
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The sapogenins are found in combination with various Bugars. Hederin 
(CiiHmOu), for example, yields hederagenin (CaoI^gC^), r bamn ose 
(CoHisOb), and arabinosc (CbHiqOb). Acid radicals are sometimes held 
to the sapogenin moiety in ester linkage, as in the case of aeBcin 
(CbbHbAt) from horse chestnut, which is hydrolyzed by acids to glu¬ 
cose, glucuronic acid, and aescigenin (CsbIIbsOt) , but the latter aglycone 
is not the fundmental unit, for with alcoholic alkali it iB further cleaved 
to tiglic acid (CbHbOb) and a Cso-compound. Some of the other sapo- 
genins which yield sapotalene on dehydrogenation are: camelliasapo- 
genin, caryocarsapogenm, cyclamiretin, glycyrrhctic acid, gypsogenin, 
mimusopssapogenin, panaxsapogenin, quillaiasnpogenin (Ruzicka and 
co-workers B ), and echinocystic acid . 0 It appears probable that in each 
case the basic unit, after the hydrolysis of all sugar and acid groups, is a 
Cao-compound. 

Closely related to these sapogenins arc certain acids of plant origin 
which are not known to occur as glycosides but are found in the uncom¬ 
bined state. Examples are: ursolic acid (CjqHuOb), elemolic acid 
(C 3 oH 4 BOa), boswcllinic acid (C^H^Oj), and the isomers suma- and sia- 
resinolic acid (C 30 H 48 O 4 ). Oleanolic acid (CboHroOs), one of the most 
widely distributed members of the group, has in some instances been 
found combined with glucuronic acid and so forms a bridge between the 
sapogenins proper and these other substances. A close structural rela¬ 
tionship is indicated by the fact that all of these acids yield sapotalene 
on dehydrogenation with selenium, and the acids may be classed as 
sapogenins. 

Those sapotalene-yielding sapogenins which have been most accu¬ 
rately characterized arc all C 3 o-compounds, which suggests a relationship 
to the triterpene alcohols, such as amyrinc (CinH r ,oO) and betulin 
(C bd H Q o 0 2 ) . Such a relationship has been well established by the obser¬ 
vation that these alcohols yield sapotalene and other dehydrogenation 
products identical with those obtained from the above mentioned acids, 
and this has led to the recognition of the sapogenins of this type as triter¬ 
pene acids. The most fully characterized products of the dehydrogena¬ 
tion of the various triterpene alcohols and acids are as follows: 

1 2 .3.4-TetrAmethylbeMPiie 

2.7- Dimefchylnaphlhalenp 

1.2.7- Trim ethylnaphthalene (Sapotalene) 

1.2.7- Trimethylnnpthol 

1^,5,6-Tetramethylnaphthalrne 

A pentamcthyldinaphthyl, C*H, 4 

A picene homologuo, 

1 For inferences see R iui oka, BrUniiBr. ErIi, Ehmann, Furter end llddi, ffrii. Chin. Acta, 15, 
481 (1952). 

1 Bernsteins on and Noller, J. Am Ckem. Sac., 56,1403 (1834). 



320 


TRITERPENOID SAPOOENINS 


In the caBe of sumaresinolic acid all of these products of fission and 
dehydrogenation were isolated, 7 while cchinorystic acid yielded all but 
the dinaphthyl homologuc. 8 Wilh this information as to the probable 
nature of the primary fragments resulting from the rupture of the C M - 
structure, and making use of the isoprenc rule, Ruzicka has postulated for 
the triterpenoids the carbon skeleton T. Rapotalcne may come from the 



grouping AB, following cleavage in the manner indicated by the dotted 
line. A slightly different cleavage could yield 2,7-dimetliylnaphthalenc 
from rings A and B. 1,2,3,4-TetramethyIbenzenc may arise from any of 
the rings B, C, D, and G The dinaphthyl derivative may contain rings A 
and B singly linked to rings D and G, while dehydrogenation without ring 
rupture would acrount for the formation of a piccnc hoinologue. 

On the baBis of these and other observations, Ruzicka B has suggested 
for Borne of the triterpenoids provisional formulas (II and III) embody¬ 
ing this skeleton. The dotted lines in his formula for hederagenin (II) 
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indicate the six isoprone units. In the case of olcanolic arid there is good 
evidence, particularly from the work of Kitasuto 10 and of Wedekind, 11 
that the Bubstancc is a pentnryclic hydroxy-f ,6-unaaturated and with a 
tertiary carboxyl group. Formulas IV and V, both of which comply 
with the isoprene rule, are under consideration at the time of this writing. 

While the knowledge of the structures of even the more prominent 
members of the group is still incomplete in many respects, (he work has 

f Ruiioka and Hihli, Hilt Chim Acta, 15, 448 (1032), 17,453 (1034) 

'Nollfv.J Am Chftn Roc , 56,1532 (1014) 

■ Ruiirka, Ann Rn Biochem , 3, 459 (1934) 

i> KibuMto, Acta Phytochim (Japan), 6, 170, 223, 305 (1032), 7, 1, 170 (1933), 8, 1, 207, 255. 315 
(10 J4) 

ii Wadckind and Hrhiekp, 2 physiol Chem , 105, 132 (1031), 215,100 (1033), Aumuller, Srhicke 
and Wedekind, Ann , 517,211 (1035) 
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progressed far enough to show clearly that the sapogenins in question are 
triterpene acids probably containing a reduced picene ring system! and 
that they are higher members of the structural series of which abietic acid 
is a typical representative. There is no indication of either a structural 
or a biogenetic relationship to the sterols and the other aetincliolane 
derivatives! and consequently this interesting group of substances will be 
left with no more than this brief reference to the type of structure which 
they embody. 

S\PONINS OF THE DlOIT\IlS GROUP 

The only members of the group which have been fully character¬ 
ized as chemical individuals arc digitonm (Ci C Hb 20 jo) and gitonin 
(C™Hs 2 0n a ). These substances occur in digitalis seeds along with at 
least one other saponin (tigonin) and in conjunction with the cardiac 
glycosides of digitalis. The isolation of a pure saponin of this or other 
type is complicated by adverse plivsical properties, by the sensitivity of 
the glycoside, by the absence of a sharp and characteristic melting point, 
and by the presence of other, closely rclalcd substances. These circum¬ 
stances have led to much confusion and error in the literature, and 
relatively little is yet known concerning the individual components of 
most of the saponin mixtures. Digitonin, the best characterized of all of 
the saponins, is a rare and expensive substance. The glycoside on 
hydrolysis yields iour molecules of liexoses, one molecule of xylose, and 
the aglycone digitngenin. The difficulty of obtaining the pure material 
can be appreciated from the fact that chemical investigations were carried 
out for a period of many years with preparations which were later found 
to contain no more than about 75% of pure digitonin. In 1913 Windaus 
and Schncckcnbiirger 12 discovered the presence in well purified “digitonin” 
of 10-20% of a second glyroside which they called gitonin, and which 
was found to yield a different sapogenin. Both glyrosides can be crystal¬ 
lized from alcohol-watcr mitxures, and in each rase the solubility passes 
through a minimum on going from absolute alcohol to 50% alcohol. The 
concentration of minimum solubility differs in the two cases, however, 

“ Wlndmiu and Sohncrkrnburger, Brr , 46, 262S (1013) 
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and gitonin is less soluble in 95% alcohol than digitonin, while the rela¬ 
tionship is reversed in 85% alcohol. This situation affords a means of 
separating the two glycosides. Windaus ls later discovered another 
method based upon the rate of preripitation with ether from an aqueouB 
solution. When a cold, 5% solution of crude digitonin in water is treated 
with ether, the digitonin precipitates rather rapidly while the precipitation 
of gitonin iB very slow. The preripitation of digitonin becomes still more 
rapid when, after several repetitions, the product approaches complete 
purity. Windaus isolated degradation products other than those coming 
from digitonin or gitonin, and roncluded that still other saponins are 
present in the original mixture from digitalis seeds. Jacobs and Fleck 14 
isolated from D. purpurea leaves the aglycone of another saponin, tigonin. 

The most striking property of digitonin and the other saponins is the 
hemolytic action on red blood corpuscles. Even at high dilutions the 
addition of digitonin to defibrinated blood in physiological salt solution 
causes the rapid destruction of the erythrocyte structure with the libera¬ 
tion of hemoglobin. A possible explanation of the hemolytic effect is 
that the saponin combines with cholesterol or lecctbin of the cell mem¬ 
brane and renders it pervious to the passage of hemoglobin. That such 
a combination is possible, at least in the case of cholesterol, is known 
with certainty from the work of Ransom, 1 " who in 1901 made the important 
discovery that treatment of a saponin solution with cholesterol destroys 
its hemolytic activity. Other hemolytic poisons con be detoxified in a 
similar manner. The studies of Ransom and others indicated that 
cholesterol is capable of combining with Baponins, and in 1901 Windaus 14 
established the nature of the interaction. Digitonin and cholesterol com¬ 
bine in the proportion 1:1 to form a remarkably stable and sparingly 
soluble molecular compound, cholesterol digitonidc. This substance is 
devoid of hemolytic properties. 

The remarkable ability of digitonin to form molecular compounds 
finds its most important chemical applications in the sterol Beries (Bee 
page 118), but many simpler substances also combine with the saponin. 
The ethyl alcohol compound has little stability, for digitonin crystallises 
from aqueous alcohol with water of crystallization rather than alcohol. 
With amyl alcohol a 1:1 compound iB formed which crystallizes with six 
molecules of water. The compound has been employed in purifying 
digitonin, the glycoside being recovered after eliminating the alcohol by 
distillation with steam. Compounds are also formed with tcipene alcohols, 

“ Windaus, Z. physiol. Chem., 150,205 (1025). 

m Jacobs and Blnok, /. Biol Chum , B, 545 (1080). 

» Ransom, Deut mad. Wochichr., 27,104 (1001), 

v Windaus, Btr , 42,238 (1000). 
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phenols, and thiophcnols . 17 When ether is added to an aqueous solution 
of digitonin, the glycoside separates as an ether compound, and ketones 
also appear capable of combining with the saponin. An interesting use 
of the digitonides is in the resolution of racemic alcohols . 18 In the casn 
of o-terpineol and ac-tctrahydro-jS-napthol the combination of (levo) 
digitonin with the levo alcohol proved to be less soluble than that with the 
d-form and an almost complete resolution was achieved. 

Sapogenins Related to tue Stebols 

The sapogenins arc far more easily isolated in a pure form than are the 
saponins. They are sparingly soluble in water and soluble in various 
organic solvents, they are less alterable than the glycosides and more 
easily characterized by ordinary methods of identification. Certain 
sapogenins have been isolated whose glycosides arc either unknown or of 
doubtful purity, but the number of well characterized genins is still very 
small. The principal compounds of the series arc listed in the accompany¬ 
ing table, together with the chief references to the literature describing 
their isolation and early characterization. 

Not long after the first isolation of digitonin by Schmicdeberg in 
1875, Kiliani commenced a series of investigations of the digitalis 
saponins and sapogenins which was to extend over a period of many 
years. Kiliani's method of attack was by oxidative degradation, for he 
hoped that by some method of oxidation, or combination of methods, it 
might be possible to resolve the complicated aglyconc molecules into 
knorfn products. This hope was not realized, and although Kiliani con¬ 
tributed much valuable information regarding methods of obtaining a 
number of different oxidation products, particularly in the digitogenin 
senes, he gave little attention to the matter of analysis, and the empirical 
formulas which he suggested for the acids were in many cases grossly 
incorrect. The whole problem of correlating the different oxidation 
products and interpreting the results in terms of the structure of the 
sapogenin remained obscure until the matter was reinvestigated by 
Windaus. Windaus’ interest in the field originated in his work for the 
doctorate in 1899 with Kiliani at Freiburg on the subject of the cardiac 
glycosides and saponins of digitalis. 

From the results of careful analyses of digitogenin and gitogenin, and 
of a number of their degradation products and derivatives, Windaus 
assigned to the sapogenins the formulas C 20 H 42 O-, and CgaEUgO^ respec¬ 
tively. It should be noted that it is hardly possible by ordinary analysis 
to distinguish between the C 2 o-formulas and the corresponding C27- 

1V Wlndnm and Weinhold, Z physiol, Chm. t 126, 209 (1023). 

11 WIniiauB, KlUnhardt and Weinhold, ibid, 126, 308 (1023). 
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DIOITOOENIC ACID 


formulas, for the differences amount to no more than 0.4-.5% of carbon 
and 0.20-.24% of hydrogen. Evidence to be presented below now favors 
the Cat-formulas given in the table, but the more important relationships 
established by Windaus apply equally well to either formulation. 

Of the five oxygen atoms of digitogenin, two are present in inert 
oxidic combination and the remaining three atoms occur as secondary 
hydroxyl groups, the sapogenin forming a trincetyl derivative. In 1B25 
Windaus and Willerding 24 were led to conclude that two of the groups 
in question occupy vicinal positions in one ring of the molecule and that 
the third is located in the a-position of an adjacent ring. The formation 
of Kilinni’s digitngenic acid was represented as shown in the partial 
formulas I and TI, the remainder of the molecule remaining unaltered. 



(I) (ID fill) 

Digitogenm Digit ugonir irid Oxodigitogcnic arid 


The production of a dibasic keto arid (TI) with the simultaneous destruc¬ 
tion of two secondary hydroxyl groups proves that these groups occupy 
adjacent positions. The formula for digitogenie acid (II) accounts for 
the fact, noted by Kiliani nnd studied parlirularly by Windaus and 
Weil, 25 that the arid is easily converted by alkali into the more stable 
stereoisomcride, digitoic acid. As in the ease of dehydrohyodcsnxycholic 
acid, cnolizalion involving the asvmmetrie carbon atom adjacent to the 
carbonyl group doubtless is responsible for the inversion. On oxidation 
with permanganate both digitogenie acid and digitoic acid give a tribasic 
keto acid, oxodigitogcnic (“nxydigitogcnic") acid (III), without loss of 
carbon atoms. Oxodigitogcnic acid has the properties of an a-keto acid, 
for it loses carbon monoxide when heated with concentrated sulfuric 
acid and the ester liberates the same gas when subjected to distillation. 
The properties of digitogenie acid, however, are not as easily reconciled 
with the formulation of the substance as a jff-keto acid, for it is remark¬ 
ably stable. With boiling alkali the arid is isomerized In digitoic acid 
without decarboxylation. Windaus and Willerding accepted the view 
that digitogenie acid belongs to the small, but not wholly unknown, class 
of stable /?-keto acids largely because the alternate interpretation, 
expressed in formulas IV-VI, seemed even less plausible If the ring had 
opened between ^-positions in the terminal ring the second product of 
oxidation would be a j8-koto arid (VI), but the substance not only lacks 

11 Windaus and Willndin?, Z physiol Chrm , 143, 33 (1D25) 

* Windaus and Weil, ibid . 121, 02 (1922) 
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the properties ordinarily associated with such a structure but exhibits 
definite characteristics of an a-keto acid. 

There are certain other indications in support of the formulation II 
for digitogenic arid. By the drastic oxidation of digitogcnic acid with 
chromic anhydride, Windaus and Willerding obtained, among other 
products, a pentabasic "acid A” in which oxidation has occurred at 
various parts of the molecule. Anticipating evidence to be presented 
below, it may be said that the arid probably contains the fragment (a), 
which clearly can arise from II by a cleavage of the bond extending to 
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H0,0 CH CO,II 
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(a) 

(b) 

(c) 

(d) 



the right of the carbonyl group. Carbon dioxide is readily lost on heating 
"acid A" with acetic and sulfuric acids giving a substance with the 
grouping (b) [tetrabasic acid “C 2 jHsbOu> ,, J, and a product of the further 
oxidation is a-methylgluturic acid (d), which probably is formed through 
the a-corboxylic acid derivative (c). When a-methylglutaric acid was 
first isolated as an oxidation product it was taken for a fragment of the 
side chain, but present indications suggest that it arises from a port of 
the aglycone molecule corresponding to that involved in the formation 
of the same degradation product from desoxycholic acid (page 153). The 
alternate formulas for digitogenin and digitogenic acid, IV and V, would 
not allow for the formation either of a substance with a malonic acid 
grouping (a) or a-methylglutaric acid. 

Gitogenin, a second sapogenin of digitalis plants, has but two secondary 
(acetylatable) hydroxyl groups and the remaining two oxygen atamB 
appear to be in oxidic combination. On gentle oxidation gitogenin yields 
a dibasic, hydroxyl-free acid, indicating a vicinal arrangement of the 
groups attacked simultaneously in the process. The reaction was 
represented by Windaus and Linsert 20 (1925) as in formulas VII and VUI. 
On oxidation of gitogenic acid under more drastic conditions the part of 
the molecule containing the two acidic groups apparently remains intact, 

* Windaiu and Lunert. Z phynol. Chrm, 147,275 (1025) 
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Gitogenin Gitngpiuc acid 


while oxidation occurs in the neighborhood of the oxide rings. With nitric 
acid Windaus and Linsert 2 ® obtained a dibasic lactone acid of the 
formula C 22 H 82 O 8 . Obviously a portion of the molecule is eliminated 
in the course of the reaction, and it is probable that the two carboxyl 
groups correspond with those of gitogenic acid. On the basis of this 
assumption a significant conclusion can be drawn from the fact that the 
dibasic lactone acid (C 22 H 3 20 q) is converted on distillation with acetic 
anhydride into a keto lactone with loss of carbon dioxide. The keto 
lactone yields a dibasic lactone-acid on oxidation, and the changes are 
entirely comparable with the corresponding degradation of ring A in the 
bile acid scries. Interpreted in the same way in terms of the Blanc rule, 
the evidence indicates that the hydroxylated nucleus of gitogenin is a 
terminal, six-membered ring containing the grouping —CH 2 CHOHC 
HOH—, as in VII. The observations could be explained equally well 
by placing the hydroxyl groups in the two ^-positions, as in the alternate 
formula (IV, above) for digitogenin, but evidence reported in recent 
work by Jacobs and Simpson 27 argues against such a structure and sup¬ 
ports formula VIT. These authors observed that the dimethyl ester of 
gitogenic acid can be hydrolyzed to an acid ester, the second ester group 
being comparatively resistant to hydrolysis. Formula VIII, representing 
gitogenic acid as having one primary and one secondary acidic group, is 
in good agreement with this observation. 

The early characterization of the other sapogenins was less extensive, 
but the observations were such as to indicate that in every case two 
oxygen atoms are bound in stable oxidic linkages. Tigogenin and sarsa- 
sapogenin are isomeric substances and thev both contain one secondary 
hydroxyl group (acetylation, oxidation). In the case of chlorogenin two 
such groups are present and the substnnee appears to be isomeric with 
gitogenin but not identical with this substance. 

Conversion to Sterol Degradation Products. Although the neutral 
sapogenins were at first regarded as C 2 r,-compounds while cholesterol is a 
C 27 -alcohol, it was long suspected that some relationship exists between 
the two groups of natural products. The first definite indication in this 
direction was from an observation of Ruzicka and van Veen 2S in 1929. In 
the course of Ruzicka's studies of the dehydrogenation of acidic sapogenins 
and other triterpenoids, sarsasapogenin was submitted to dehydrogenation 

■ Jacobi and J C E Simpwin, / Bwl Chrm 110,429 (1039) 

■ Ruurlu and vnn Veen, Z. phynol Chtm , 184,89 (1029) 
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with selenium, and there was isolated a fragrant, volatile substance, 
ChHioO, which was regarded as identical with methyl isohexylketone on 
the basis of a comparison of the seraicarbazones. Since this ketone, 
CH a C0CH 2 CHoCH 3 CH (CHg)*, had been obtained by Windaus as an 
oxidation product of cholesterol, the observation pointed strongly to the 
presence in the sapogenin of a side chain of structure identical with that 
of cholesterol. In 1934 Jacobs and Simpson 2D reinvestigated the 
dehydrogenation of sarsasapogenin and also obtained from the volatile 
fraction a ketone C H Hi b O. The semicarbazone melted several degrees 
lower than Ruzicka’s preparation and it wus regarded as different from 
the Hcmicarhazone of synthetic methyl isohexylketone. 30 The identity of 
the substance is still in doubt. The snme ketone was obtained in a 
similar manner from gitogenin. A cleavage of the side chain under milder 
conditions was achieved by heating either sarsasapogenin or gitogenin 
with a mixture of hydrochloric and acetic acids, and in this case the 
volatile product was an unsaturated carbonyl compound, C«Hi 4 O a . The 
substance appears to be either an unsaturated dihydroxyketone or a 
hydroxy-1,3-diketone (as enol). While the identity of tlie^e cleavage 
products is still unsettled, the available results all point to the presence 
in the sapogemns of a Cs-side chain which probably contains two oxide 
bridges. 

In the work just cited Jacobs and Simpson made the important 
discovery that the mixtures resulting from the dehydrogenation of either 
sarsasapogenin or gitogenin contain the Diels hydrocarbon, lnethylcy- 
clopentenophenanthrenc. The ring system of the sapogenins must cor¬ 
respond with that of the sterols! The formation of the Diels hydrocarbon 
as a degradation of other natural products, for which the presence of the 
aetioeholane ring system is established by independent evidence, leaves 
little doubt on this score. 

The exact relationship between digitogenin and gitogenin was estab¬ 
lished by Tschesche 31 in 1935 (June). Digitogenin on mild oxidation 
yields a dibasic keto acid, while in gitogcnic acid, the oxidation product 
of gitogenin, the carbonyl group is lacking. Tschesche succeeded in 
reducing digitogcnic acid by the Wolff-Kishncr method and found the 
product to be identical with gitogcnic acid. He also succeeded in correlat¬ 
ing the third sapogenin from Z). purpurea, for tigogenin was found to 
yield gitogcnic arid on oxidation. The relationships arc expressed in the 
accompanying formulas. 


IV Jacobs and J. C E. Simpson, J Biol Cham,, 105, 501 (1Q34). 
nidrm , J. Am Chom Bor , 56,1124 (1034). 
u Tschesche, Bor., 6B, 10D0 (1935). 
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Tpehrache discussed liis results in terms of a provisional formulation 
of the sapugenins suggested hy Windaus,* 2 according to which tigogenin, 
for example, was represented as in I. To reconcile his generally accepted 
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Cjo-fomiulas for the sapogenms with the evidence indicating the presence 
of tlu* cholune ring system and of tin 1 .side chain structure of cholesterol, 
a OuT-ruinpound, Windaus suggested that the usual CSo-methyl group of 
the sterols is in this case missing. This conception of the structure was 
not long sustained. In a paper published one month before Tschcschc’s 
report, Simpson and Jacobs 33 announced that added analytical data in 
the sarsasapugenin series had convinced them of the necessity of revising 
the formula of the genin to a O^-basis From a consideration of other 
observations which are most conveniently discussed in another con¬ 
nection, they suggested for sarsasnpogenin the formulation II. 



n Windjiua, Afar Ar th s Wu* , GbttmQern, 84 (11.1.1). 

11 J. r E Sunpmin and Jacobs, J Biol Chm , 109, 573 (1135). 
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In July Tschesche and Hagedom M achieved the long-sought objective 
of obtaining by nonpyrolytic methods a degradation product of known 
structure, for they succeeded in converting tigogenin into aetioallobilianio 
acid. In this substance three of the original rings arc still intact and 
there are remnants of the fourth ring. The two angular methyl groups 
characteristic of the sterols are also present in the degradation product. 
The combined evidence from this observation, from the isolation of the 
Diels hydrocarbon, and from the isolation of Ca-ketones arising from the 
cleavage of the side chain, coupled with the evidence correlating tigogenin, 
digitogenin, and gitogenin, establishes the presence in these sapogenins of 
twenty-seven carbon atoms. This evidence appears more convincing than 
that of even the most refined and modern methods of microanalysis, for 
the differences in composition are of the same order of magnitude as the 
errors of analysis. Tschesche and Hagedom recalculated the older 
analytical data and noted that they agree about as well with the C27- 
formulas as with those previously accepted. Their own analyses agreed 
somewhat better with the new formulation than with the old, and they 
made one further observation which supports the new conception of the 
structure. If the Windaus formula (I) were correct it should be possible 
to aromatize ring B by partial dehydrogenation over platinum catalyst. 
Such a reaction could not be realized, presumably because of the presence 
of a methyl group at Cm. It is interesting that the revision suggested by 
the workers in America in the case of sarsasapogenin was so promptly 
applied to the other genins by the German chemists on the basis of 
entirely different evidence. 

In interpreting the degradation to aetioollobilianic acid, Tschesche and 
Hagcdorn adopted for the side chain a type of structure somewhat dif¬ 
ferent from that suggested by Simpson and Jacobs, acetyl tigogenin, the 
starting material, being represented as shown (in part) in formula III. 
The chief product of drastic oxidation with chromic anhydride was the 
acetyl derivative of a monobasic acid C S 7 H«O ri) but there was formed 
also the acetyl derivative of a C 22 -hydroxylactone to which the formula 
IV was assigned. The free hydroxylactonc from IV was oxidized to a 
ketone and the latter was reduced by the Clemmenscn method to the 
saturated lactone V. The lactone ring was found to be resistant to 
hydrolysis with cold alkali, but it could be opened by interaction with 
phenylmagnesium bromide, giving the diphenyl carbinol VI. In agree¬ 
ment with the formula, the substance contains two hydroxyl groups 
(Zerewitinoff determination). On treatment of VI with dehydrating 
agents, the tertiary hydroxyl group is not eliminated with the production 
of a double linkage, but instead water is lost between the two hydroxyl 

* Ttrhevcbi and Hagedorn, Btr., 68,1418 (1935). 
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groups with the formation of a compound having the properties of a 
tetrahydrofuran derivative. Thin indicates a 1:4 relationship between 
the two hydroxyl groups in accordance with (lie formulation. On oxida¬ 
tion of the diphenylcarbinol VI with chromic anhyride the five-membered 



ung iB cleaved m two duections as indicated by the dotted lines. One 
product was found to be identical with actioaKobiliamc acid (VII), while 
the other proved to be a monobasic lactone arid of composition and 
properties corresponding with the formula VIII. 

The Structure of the Side Chain. The degradation provides good 
evidence of a part of the side chain structure and for the location of one 
of the oxidic oxygen atoms. It appears that a tetrahydrofuran ring is 
fused to the five-membered ring (D) of the aetioallocholane system, that 
it carries a methyl group, and that the oxygen atom is joined at Cu 
(structure a). There is little evidence as yet regarding the remaining part 
of the chain, except that the carbon skeleton probably conforms to the 
sterol pattern (b). Two of the five carbon atoms at the end of the chain 
muBt be connected by an oxide bridge, and TschcBche suggested as the most 
probable arrangement a methyl! etrahydrofuran structure (c), In the 
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latest paper n on the subject this hypothesis 1ms been retained, although 
it is recognized that there are difficulties in accounting for some of the 
earlier observations on this basis. In the extensive studies of Windaus 
a number of oxidation products were characterized very carefully, and in 
many cases the results arc easily interpreted in terms of the newly estab¬ 
lished ring system. For example, the Css-acid obtained by Windaus and 
Linscrt 20 by the oxidation of gitogenic acid (I) with nitric acid evidently 
has a structure (II) similar to that of the lactone obtained by Tschesche 
and Ilagcdom. 



tiiloernic arid Dibasir lactone anil 



Tiibasic acid “C.,H ihO n " Trilmsic and, 

(probably CjtH^).,) Cj|H J0 O 7 


Oxidations involving the extremity of the side chain are not as easily 
explained. After changes in the nucleus have been completed in the first 
stages of the oxidation of the sapogenins, chromic anhydride appears to 
exert a specific action in the part of the side chain included in the residue: 
CsHqO. Gitogenic acid is converted by the reagent into a tribasic acid 
which probably can be represented as in formula 1TI. The original oxygen 

» TaehMche anil Ilaaedorn, Bn , 68,2247 (1936) 
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atom is retained and a methyl or methylene group has given place to a 
carboxyl group. A similar oxidation product was obtained by Windaus 
and Willerding 24 and by Windaus and Shah 81 by the oxidation of 
digitogenic acid with chromic anhydride in the cold: “tribazic acid B, 
CziHsoOb”; probable formula: CsiIIdfiOg. A further example of the same 
type of oxidation product is the monobasic acid obtained by 

Tschesche and Hagedom 84i 88 from acetyl tigogenin. The original acetyl 
group was hydrolyzed in the course of the purification and the substance 
can be represented by the formula C 2 iH.i 40 (OH)C 4 HBOCO a II. The 
stoichiometric requirements of this evidently general mode of reaction 
would be satisfied by assuming that a terminal methyl group is oxidized 
without disturbance of the oxide bridge, as in formula V, and this formula- 
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tion would nmmnt also for the fuel that the enters of the three acids in 
que-iiion do not react with rarbnnyl reagents and apparently contain no 
hydroxyl groups in the side chain. Tsehebche has pointed out, however, 
that such a reaction is without parallel among sterol derivatives and that 
the hypothesis is inherently improbable. The explanation tentatively 
preferred by Tsehebche is that the oxide ring opens with the formation 
of a y-keto acid grouping (VI), but this view is hardly consistent with 
the observation that the esters of the acids fail to form oximes or semi- 
carbazoncs or to absorb hydrogen in the presence of a catalyst. Since 
Tschcsrhe and Hagedom used the Fischer method for the esterification 
of the acid CoAsO.-,, it might be argued that the substance formed is inert 
because it has the structure of a lartnl ether rather than of an ester. The 
equally inert compounds of Windaus, however, are surely esters for they 
were prepared with the use of dinznmetliane. Another possible objection 
tn the formulation is that if the product of the chromic anhydride oxida¬ 
tion of gitogenic acid (TIT, above) is a y-keto acid it would be expected 
in yield the dibasic lactone acid II on further oxidation with nitric acid. 
Instead, it gives a C 2 i-tribasic acid, which possibly lias the formula IV. 

N Windaun and Shall, Z physiol Glum , 151, Bfi (1920) 
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There is one observation from the early work which iB particularly 
difficult to explain in terms of Tschesche’s formulation of the side chain. 
On oxidizing digitogenic acid with chromic anhydride in a hot solution, 
Windaus and Willerding 84 obtained a pentabasic "acid A,” to which 
reference already has been made. The substance easily loses carbon 
dioxide and gives a tctrabasic acid to which the formula "CisHhOio” 
originally was assigned. The analytical figures for both acids agree 
fairly well with the revised formulas having an additional methylene 
group. In characterizing the tetrabasic acid, probably ^aHtoOio, it was 
found that the tetramethyl ester, prepared with diazomethane, liberates 
one mole of gas when treated with mcthylmagnesium iodide. Since four 
carboxyl groups and one original oxide ring account for all but one of the 
ten oxygen atoms, it is inferred that the oxygen ntom present as a hydroxyl 
group corresponds to that of the serond original oxidic bridge. The 
oxidation must involve the opening of an oxide ring with the liberation 
of a hydroxyl and a carboxyl group. Since a secondary hydroxyl group 
could hardly escape either oxidation or lactonization in the course of the 
reaction, it iB inferred that the group in question is tertiary. It would 
seem, then, that the oxidic bridge probably connects a quaternary carbon 
atom and a terminal methylene group, and from these considerations it 
appears possible that the sapogenin side chain has the structure indicated 
in formula VII. This would nrcount for the formation and the properties 
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of the pentabasic acid A (VIII), and perhaps also for the second type of 
chromic acid oxidation product, the tribasic acid B from digitogenic acid 
acquiring the formula IX. Windaus and Shah’s 18 conversion of acid B 
by treatment with hydrogen iodide, followed by zinc dust, into a reduc¬ 
tion product CutHmOs, a reaction involving the Beloctivc opening of one 
of the two oxide rings, is likewise understandable. 

In comparison with simple compounds containing ethylene oxide and 
o-axido acid groups, the sapogenins and their oxidation productB seem 
more stable than might be expected on the basis of the structures under 
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discussion. They are, however, quite comparable in this respect with 
another natural product which very probably contains an ethylene ox ide 
group, namely, scymnol (page 128). Scymnol, which like the sapogenins 
probably is a sterol oxidation product, contains an oxidic ring which is 
indifferent to hydrogenating and reducing agents and to mild oxidising 
agents. On treatment with chromic anhydride at 50°, scymnol is con¬ 
verted into a CzT-compound containing, according to the evidence, an 
a-oxido acid group. The analogy lends definite appeal to the present 
suggestion, but clearly the problem awaits further experimental inquiry. 

Other Unsettled Problems. The exact formulation of several of the 
compounds isolated in the researches of Kiliani and of Windaus is still 
uncertain in many details. It appears that the sapogenins arc susceptible 
to oxidation in different parts of the molecule, and in addition to the 
cases cited there are examples of the hydroxylatiun of a quaternary 
carbon atom in the course of some of the oxidations. Surh a hydrnxylation 
apparently is involved, along with the cleavage of ring B, in Kiliani’s con¬ 
version of digitogenic acid into digitic acid, which piobably is a keto- 
hydroxy tribasic acid, CstHmOio, containing a tertiary hydroxyl group 
(formation of anhydrodigitic acid). The tribasic hydroxylactonc acids 
C 22 HB 0 O 10 and C 21 H 3 oO b obtained by Windaus and Shah 86 from digitoic 
acid and oxodigitogenic acid, respectively, probably belong in the same 
category, but in no case is the location of the tertiary hydroxyl group 
known. 

Unexplained is the observation of Windaus and Willcrding 24 that 
the trimethyl ester of oxodigitogenic acid loses methyl alcohol on vacuum 
distillation with the formation of a compound (C 2 bH 4 20 b) having the 
properties of an cnol lactone. The reaction seems remarkable for an 
a-keto ester having a quaternary carbon atom in the /8-position, as in the 
formula at present indicated for the ester, but it could be explained on the 
basis of the alternate structure corresponding to the location of the 
hydroxyl groups in ring A of digitogenin at positions 2 and 4. It will be 
recalled that the stability of digitogenic acid to alkalies also renders the 
3,4-dihydroxy structure subject to some question, although the structure 
is supported by other apparently valid evidence. Another point of incon¬ 
sistency was noted by Tschesche and Hagedorn. 88 These investigators 
found that tigogenin is precipitated nearly quantitatively by digitonin. 
(Gitogenin and digitogenin are not precipitated by the reagent, but neither 
iB cholestanetriol-3,6,7, a compound of the 0-type.) Since only positions 
3 and 4 come into question as possible locations for the hydroxyl groupf 
Tschesche and Hagedorn made comparison tests with cholestanol-4 and 
its epimer and found that neither substance forms a digitonidc. The 
observations afford good evidence that the hydroxyl group of tigogenin 
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is located at C a . Consequently there is no possibility of an inversion at 
C5 in the degradation of tigogenin through ligogenune to aetioaUobiliumc 
acid, and tigogenin evidently belongs to the clinlestane scries (A/B:trans). 
In analogy with dihydrocholestcrol, the oxidative fission of ring A would 
be expected to occur between positions 2 and 3 , and not at C 3 -C 4 as 
pictured above. Although the balance of evidence at present favors 
placing one of the hydroxyl groups of digitogenin and of gitogenin at C4 
rather than at Cg, the matter still awaits unambiguous decision. 

Sarsasapogenin. Although this aglycone has not been correlated with 
the other members of the scries except by the formation of common 
dehydrogenation products, the general similarity in properties and reac¬ 
tions is such as to indicate a close structural relationship. This has 
been clearly demonstrated in the recent degradation studies of Simpson 
and Jacobs. 37 These investigators interpret their observations in terms 
of the provisional formula la for Harsahapugenin, but a formulation (lb) 
similar to that employed by Tschesche also appears ndmissahlc. Since 
further work may be expected to settle points of unrertaintv in the near 
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future, the present status of the problem will be indicated very briefly. 
The main degradations may be summarized as follows: 


ftorBiunpiipriiin (I) 


Snigasapogonir acid (II) 


Dibuqir lactone arid (III) 
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Ketolartone (IV) 
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Sarsasnpogcnyl chloride (V) 
^N», CiHnOIt 

Dpsoxysarsttsapogenin (VI) 


Lactone (VII) “Triketo” monobasic 
CjiHmOi, m. p. 12R® acid (VIII) 

CitHidOi 


" j. C. E. Simpson and Jacobs, J. B\al. Chtm., 109 , 573 (1135); 110 , 505 ( 1035 ). 
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Hypobromite opens the hydroxyl atcd ring giving tlie dibasic acid 
(II). From hydrolysis experiments with the dimethyl ester it appears 
that one of the carboxyl groups of sarsa&apogenic acid is present in tertiary 
combination (as at C13) and that the other is a secondarily bound group 
(as at Co). The only position for the original hydroxyl group capable of 
satisfying these requirements is at Cn. Further oxidation of II gives 
(by cleavage at x in the formulas) a dibasic lactone acid (III) which 
gives a ketone (IV) on pyrolysis. Simpson and Jacobs consider that the 
lactone ring of III extends between the acidic group at Cn and the 
hydroxyl group at Cin, and that a cyclobutanone ring is produced on 
pyrolysis. While the closing of a cyclobutanc ring in the pyrolytic 
reaction would represent a most unusual reaction, Simpson and Jacobs 
prefer this interpretation to the alternate view that an acid with carboxyl 
groups attached to rings B and D yields a ketone, because thilobilianic 
acid, contrary to the Blanc rule, gives an anhydride on pyrolysis. In 
view of Vockc’s work on the hexahydrodiphcnic acids (page 151 ), the 
objection does not appear valid. It seems quite possible that the dibasic 
lactone acid III has a structure similar to the isomeric acid obtained 
from gitogenin (formula II, page 332 ), which, however, results from the 
opening of ring A. 

The degradation of sarsaRapogenin through the chloride (V) and the 
dcsnxy compound VI gave, as one product, a saturated lactone (VII). 
On the basis of formula lb for sarsasapogenm, the lactone should have 
the same structure as Tschrsche's lactone (formula V, page 331 ) from 
tigogenin, but the two subRLnnrrs differ considerably in melting point. 
It is possible that the two lactones are structural isomers (arrordmg to 
formula la for the sapogenin) or that sarsasapogenin and tigogenin differ 
in the configuration of thn ring system. The second oxidation product 
(VIII) of dcsoxys'irsasapogcnin is regarded by Simpson and Jacobs as 
arising as follows: 


CH. 

}-0 0 /CH CH’ 

N CH! 

(I) 


CH. 

--GHi'ncorHi 
- 0 ClH'Hj 

ll(>i(/ 

(VIII) 


Only two of the carbonyl groups indicated in the formula could be 
detected by semicarbazone formation, however, and the acid appears to 
be si mi lar to the products of chromic acid oxidation obtained in the 
other series. Until a clear differentiation ran be made between the 
various possibilities the question of the structure of this part of the 
sapogenin molecule must remain open. 
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Reaction of Phenanthrene with Bromine (pp. 6*7). From a study 
of the kinetics of the formation of phenanthrene dibromide, Price, J. Am. 
Chem. Soc., 58, 1834 (1836), concluded that the reaction proceeds by a 
chain mechanism (even in the dark), the chain being propagated by 
bromine atoms and free radicals: 


Cx.ll, 



+ Br 


CHBr 


v. xinr u f CHBr 

C|.H,{J I +Br 

Ini.... IcnBr 


This conclusion was suggested by the obmvation that the reaction iB 
inhibited by substances such its diphenyl amine and tetrnbromohydro- 
quinone which can donate atoms of hydrogen to combine with bromine 
atoms and break the chain, while the inhibitors thereby revert to stable 
compounds. It is estimated that at 25“ the chain consists of about 2,000 
molecules, but that the chain length decreases with increasing tempera¬ 
ture, accounting for the absence of a temperature coefficient in the mea¬ 
sured reaction. Prirc, ibid., 58, 2101 (1930), also made the interesting 
observation that iodine, u typical catalyst for the halogenation of the 
benzene ring, inhibits the formation of phenanthrene dibromide, prob¬ 
ably by interacting with chain-propagating bromide atoms. Further¬ 
more, although iodine catalyzes the formation of hydrogen bromide in a 
solution containing phenanthrene, bromine, and the dibromide, it appears 
that the hydrogen bromide does not arise directly from the decomposition 
of the dibromide, as pictured in the classical addition-elimination theory. 
On adding iodine to a solution of phenanthrene dibromide in carbon 
tetrachloride (25“), no hydrogen bromide (or bromine) is produced until 
a trace of bromine is added, and even then the rale of HBr-formation is 
no greater than in a solution containing initially equivalent concentra¬ 
tions of phenanthrene and bromine. Hie addition-elimination theory seems 
definitely excluded by these observations, and it appears that the addi¬ 
tion compound is formed, not as a necessary precursor of 9-broinophenan- 
threne, but from a radicnl, or other intermediate, common to both addi¬ 
tion and substitution, the course of the reaction depending on the presence 
or absence of catalysts. 


839 
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If a radical is involved in the first phase of the reactions, a catalyst A 
may function in combination with bromine as a hydrogen acceptor and 
so influence the rate of substitution. 


C„H, 


CllJlr 

fCBr 

1 + A,Br b — 

-►C.JI, II 

CH. 

Icil 


■f HBr ■+■ A»Brfc-i 


As Price notes, it is equally possible that the essential intermediate is a 
eobrdinativc complex of the type suggested by Pfeiffer and Wizinger, 
Ann., 461,132 (1928). 


ten 

(Ufa ^H + Br * + A - 


r fCIIBrl+ 

► Cull,11 ABr- 


fCBr 

“"•{L' 


+ HBr + A 


The effect of substituents on the phenanthrene-brominc equilibrium 
was investigated by Fiescr and Price, ibid., 58, 1838 (1936), who found 
that carboxylic ester groups and halogen atoms in the 2- and 3-positious 
decrease the free energy of the 9,10-addition of bromine (—AF«-,°=3220 
cal., for phenanthrenc), while the ter .-butyl group has the opposite effect. 
The results parallel those obtained in the study of the free energy of 
oxidatiun of 9,10-phcnanthrrnchydroquinonrs by oxidation-redurtion 
potentials (Ref. 54, p. 14), and there is a correlation between the observed 
effects of the groups concerned and their influence in retarding or facili¬ 
tating substitutions in the benzene ring [L. F. Fieser and M. Fieser, 
ibid., 57,491 (1935)]. 

Friedel and Crafts Reaction (pp. 9-10). The condensation with 
propionyl chloride in nitrnhenzeno solution proceeds as in the other cases. 
Bachmann and Struve, J. Am. Chem. Soc., 58, 1659 (1936). 

Phenanthraldehydes (pp. 10-11). Details of the preparation of 
1-phcnanthraldehyde 43 by the Sonn and Muller reaction are given by 
Bachmann and Boatner, J. Am. Chrm. Soc., 58, 2097 (1936). Hinkel, 
Ayling and Beynon, J. Chem. Soc., 339 (1936), obtained the 9-aldehyde 
in 44% yield by the condensation of the hydrocarbon with hydrogen 
cyanide in chlorobenzene solution by means of aluminum chloride. The 
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use of chloromethyleneformamidine in similar syntheses in place of hydro¬ 
gen cyanide also was investigated. 

Considerablo attention has been given to the development of general 
methods for the synthesis of aromatic aldehydes without specific ref ir¬ 
on cc to phenanthrenc chemistry. F. E. King, L'Ecuyer and Openshaw, 
ibid., 352 (1936) studied various applieations of the methods of Sonn 
and E. Muller [Ber., 52, 1927 (1919); 58, 1096 (1925) | and of Stephen 
[J. Chem. Soc., 127, 1874 (1925)]. The latter synthesis consists in the 
reduction of a nitrile (as the imido chloride) with anhydrous stannous 
rhloridc in ether saturated with hydrogen chloride, and hydrolysis of 
the resulting aldimine complex: RCN —* RC(C1) -Nil—► (RCH 
=NH,HCl) 2 SnCU—* RCHO. Wiltig and Kethur, Bcr., 69, 2078 
(1936), found that certain reductions with anhydrous stannous chloride 
proceed well in dioxanc solution Maxim and Mai rodincanu, Bull. soc. 
rhim., [5], 3, 1084 (1936) studied the Bouveault synthesis [Bouveault, 
Compt. rend., 137, 987 (1903); Hnuben and DoeBcher, Bcr., 43, 3435 
(1910)]. Tu the typical ease a Urignard reagent is condensed with 
N-fonnonilide and the aldehyde ir obtained by hydrolysis of the prod¬ 
uct: ArMgBr + OCH ■ NfCH J )C,H 1 —»ArCH (OM gBr)N (OHO C.H.-, 
—*ArCH()+BrMgN(CH|)Ci3i An entirely new method, reported 
by McFadycn and Stevens, J. Chem So r, 584 (1936), consists in the 
alkaline hydrolysis of a bcnzenesulfonnevlhydrazidc, the steps in the 
preparation and decomposition of the intermediate being as follows: 

ArCOjOJI, 

ArCONIINHHOj(’«H, K0, - r ->- ArCIIO + N, + C,H.30,K. 

The application is limited to the aromatic scries Anotlicr new method 
of transforming carboxylic acids into aldehydes, particularly useful in 
the case of aldehydes of a sensitive nature, is that of C. Grundmann, 
Ann., 524, .31 (1936). The method involves the following steps: 

nron rH —* jicociin, <rH ^ 0 ’ H -► Rcoc’n.ot'ocrij -- -► 

RCII(OH)CH,On HCIIO 

9-Phenanthrol (p. 11). Fieser, Jacobsen and Prire, J. Am. Chem . 
Sot., 58, 2163 (1936), found that on treatment with bromine in methanol 
solution, phenanthrenc in converted into an unstable complex consisting 
apparently of one molecule each of phenanthrenc methoxybromide and 
phenanthrene dibroinidc. The complex yields 9-methoxyphenanthrene 
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and phenanthreno when warmed with alcoholic potassium hydroxide- 
acetate, and 9-phonantlirol is easily obtained from tlie mixture m 28-30% 
yield, based on the phenanthreno consumed The synthetic preparation 
of B-phenantlnol is discussed on page 356 

Phenanthiylamines (addition to p 12). A very satisfactory method 
of preparing the 2- and 3-amino derivatives of plienanthrcnc was dis¬ 
covered by Bachmann and Boatncr,./ Am Chun Soc ,58,857,2097 (1936), 
and employed m independent woik by Moscttig and J. W Krueger, 
ibid., 58, 1311 (1936) and by Fieser and Price, ibid, 58, 1838 (1936). 
The oximes of 2- and 3-arctylphcnanthrcnc, picpaml advantageously m 
pyridine solution, are submitted to the Beckmann i can augment and the 
resulting acrtylaminopbcnanthioiKs me hydrolyzed to the ninnies Bach¬ 
mann and Boatncr found that the reairungements with phosphorus penta- 
chloride proceed smoothly in benzene solution and that oulv traces 
of the alternate products, (’ulhCONHCH,, oie formed They prepared 
the new 1-phcnanthrylamine by this method, the 1 -nrotvlpheuanthicne 
required being synthesized for the purpose from both 1-phenanthroic 
acid and 1-phenanthraldehyde Details of the prcpaiatmn of 1-phenan¬ 
throic acid from 1-benzoylplicnantluenc are uirludcd in the paper, the 
process consisting in the Beckniunn lcuiiungcincnt ol the oxime and the 
acid hydrolysis oi the anilide at 200 (compute Kef 33) 

9-Phcnanthrvlamine was obtained by Baclnnaun anil Boatncr from 
the 9-acetyl derivative which, m turn, was piepaied by the artion of 
methylmagncsiuin iodide on 9-cyanoplienantliicnc A slioiter process 
consists in heating 0-plicnanthiol with ammonium sulfite and uiniuoma, 
following the gencial procedure of Bucherer (Fasti, Jacobsen and Price, 
ibid., 58, 2163 (1936) ; compaie Buss Pat 40,988 (1935)] 

Phenanthryl Halides (addition top 12) tsini e 2- and 3-phenunthryl- 
amine arc now' readily available tliinugh the acetylphenauthienes, tliey 
form rom'enient starting materials tor the preparation of the coirespond- 
mg halides [Bachman and Boatnei, J Am Chcm Ro (, 58, 857, 2194 
(1936); sec also Fieser nnd Price, ibid, 58, 1838 (1936) ] 1-Phcnantliryl 
halides can be obtained similaily from the less accessible amine. Bach¬ 
mann and Boatncr (second papci) found it advantageous to effort the 
diazotizations by the procedure which de Milt and Van Znudt, ibid., 58, 
2044 (1936), developed for use with weakly basic or insoluble amines. 
A solution of the amine in pyridine is added to a stmed solution of 
nitrosylsulfuric acid in 2:1 sulfuric acid at 0°. For the introduction of 
chlorine or bromine atoms, Schwechten’s modification of the Sandmeyer 
reaction proved very satisfactory (Schwechten, Ber., 65, 1605 (1932)]. 
This involves the precipitation and thermal decomposition of a complex, 
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formed by interaction of the diazonium compound with mercuric halide 
and potassium halide. 

9,10-Dihydrophenanthrene (p. 13). Further details of the prepara¬ 
tion 14 of the hydrocarbon arc reported by Burger and MoBettig, J, Am. 
Chem. Roc., 58, 1857 (1036). 

Steric Hindrance (p. 13). Whereas the alkaline hydrolysis of 
l',3'-diketo-l,2-cyrlopentonophcnanthrenr proceeds in both possible direc¬ 
tions, the cleavage of l',3'-dikcto-3.4-eyclopentcnophenanthrene occurs 
exclusively adjacent to the less hindered carbonyl group at Cj, and 
results in the formation of pure 4-acetyl-3-phcnnnthroic acid. On decar¬ 
boxylation this yields the new 4-acctylphenanthrcne, L. F. Fieser, M. 
Fieser, and Ilershberg, J. Am. Chem. Soc., 58,2322 (1936). 

Oxidation of Phenanthrenequinones (p. 15). In the oxidation of 
retenequinone ll-jncthyl-7-isopropylphenanthrencquinone) with hydro¬ 
gen peroxide, a hirtone similar to that described by FicBer 21 is formed 
n* a by-product along with the corresponding diphenic acid. Adelson, 
IlasHclstrom and Bogert, J. Am ('hem. Roc, 58, 871 (1936). 

Structure of Pyrene (p 17). A theoretical discussion of the problem, 
based upon spectroscopic evidence, is given by Clar, Ber , 69,1671 (1936), 

Substitution Reactions of Chrysene (p 18). Funke and co-workers 
(Eugen Muller, Vadasz, and Ristir), J. prakt. Chem., 144, 242, 265 
(1936); 145, 309 (1936); 146, 161 (1936), found that chrysene can be 
converted in good yield into a monoheuzoyl derivative, while in the 
Friedel nnd Crafts reaction uith acetyl chloride a similarly substituted 
acetyl compound is the chief prndurl but is accompanied by an isomer. 
Dibenzoyl derivators mere obtained by direct substitution and through a 
dihrownrhrysenc, and various transformations arc reported. Structures 
are assigned to the lieu compounds, hut the evidence is still incomplete. 

Pschorr Synthesis (pp 28-31). Sharp, J. Chem. Soc., 1234 (1936), 
employed the Pocliorr bynthesLs for the preparation of 9-acetylamino- 
2,3,4,6-tctramcthoxyphcnanthrcne, a compound of interest in connection 
with the rhemistry of colchicine (p 38). Ruggli and Staub, Ilelv. Chim. 
Acta, 19,1288 (1936), have shown that tlie function of the enrboxyl group 
in the general synthesis is in pnrt to control the condensation in surh a way 
that the stilbene derivative is in the steric condition suitable for subse¬ 
quent cyclization. 

Sinomenine (p. 37). Further studies aTe reported by Goto and co- 
workers (Shishido, Ognua, Raito), Bull Chem. Soc. Japan, 10, 252, 481, 
597 (1935). 

References to the Work on Drug Addiction (pp. 45-48). Chemical 
investigations of alkaloid* of thr morphine group are reported by Small 
and coworkers (Lutz, Moscttig, F. L. Cohen, FariB, Yuen, Fitch, W. E. 
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Smith, Morris and Eilers) under the following headings: desoxycoddne 
studies, J. Am. Chem. Soc., 53, 2214, 2227 (1931); 54, 793, 802 (1932); 
56,1738 (1934); reduction studies, ibid., 54, 4715 (1932); 56, 1741,1928, 
2466 (1934); 57, 361, 364, 2651 (1935); Grignard reaction, ibid., 58, 192, 
1457 (1936); miscellaneous, ibid., 55, 2874, 3863 (1933); 56,1930 (1934); 
J. Org. Chem., 1, 194 (1936). The synthetic work of MoBettig and co¬ 
workers (van de Kamp, Burger, J. W. Krueger, R. A. Robinson) is 
reported as follows: phenanthrene derivatives, J. Am. Chem. Soc., 52, 
3704 (1930); 54, 3328 (1932); 55, 2981, 2995, 3442, 3448 (1933); 56, 
1745 (1934); 57, 1107, 2189 (1935); 58, 1311, 1568, 1570, 1857 (1936); 
dibenzofuran derivatives, ibid , 57, 902, 2186 (1935); 58, 688 (1936). 

Pharmacological studies of the synthetic compounds by Eddy and by 
R. G. Smith arc reported in the series: J. Pharmacol., 4B, 183 (1933); 
51,75,52,275 (1934); 54, B7 (1935); 55,354, 419 (1935); 58,159 (1936). 
Pharmacological studies of the alkaloids by Eddy, Simon, Aherns, Reid, 
Howes, H. Krueger, Gay, Lnmpe, (\ I. Wright, Barbour and Foster arc 
reported thus: general physiological actions, ibid., 45, 339, 361 (1932); 
49, 319 (1933); 51, 35 (1934); Am. J. Psyc.. 47, 597, 614 (1935); J. 
Pharmacol., 52, 468 (1934); 53, 430 (1935); 55, 127, 257 (1935); 56, 
421 (1936); action on intestinal movement, ibid , 50, 254, 51, 85, 440 
(1934); 55, 288 (1935); 56, 327 (1936); respiratory effects, ibid., 51, 
327, 343 (1934); 53, 34, 54, 25 (1935); 56, 39 (1936); effect on blood 
pressure, ibid., 51, 153,170 (1934). 


Chapter II 

Chemistry of Retene (addition to p. 58). Studies of various deriva¬ 
tives and oxidation products of retene are reported by Bogert and his 
co-workers Hassclstrom and Adelson, J. Am. Chem. Soc., 53,3462 (1931); 
56,983 (1934); 57, 1579 (1935); 58,653, 871,2236 (1936). Nyman, Ann 
Acad. Sd. Fennicac, A41, No. 5, 80 (1934), prepared dihydrorctene in 
good yield by reduction with sodium and amyl alcohol. The ncctylation 
of the dihydro derivative was investigated and a number of new com¬ 
pounds described. 

Primary Resin Acids (p. 68). As the result of further investigations, 
the previous views regarding the nature of the primary constituents of 
oleoresins and of their relationship to abietic acid have undergone revi¬ 
sion. While it appeared from the work of Kraft BT and of Hasselstrom 
and Bogert 88 that the crystalline acid mixtures obtained from fresh oleo¬ 
resins contain only rf-pimaric acid and lovopimaric acid in varying pro- 
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portions, Kraft, Ann., 524, 1 (1036), in a later investigation discovered 
a third acid called pro-abiotic acid (CaoHjoOj), m.p. 159-160°,[a]n 
+11 A 0 , absorption maximum 243 mp. This substance was isolated from 
the crystalline acids of P. palustris and from French galipot (P. mon- 
tana). With aqueous ammonia the arid mixture gives a crystalline pre¬ 
cipitate of ammonium salts, from which pure d-pimaric acid and lcvopi- 
maric acid can be obtained by fractional crystallization of the sodium 
saltB. The new acid forms a very soluble ammonium salt and is found 
in the material precipitated from the onnnoniacal mother liquor by 
neutralization with carbon dioxide. Pro-abirtic acid is isomrrized to 
abietic acid by boiling glacial aretir arid or by the action of alcoholic 
hydrochloric acid at room temperature. In the latter rase the progress 
of the isomerization ran be followed by the change in the optical rotation 
of the solution. From the character of the curve, iu comparison with 
that for lrvopimaric acid, Kraft suggested that pro-abictic arid may be 
an intermediate product in the rearrangement of levopimaric acid to 
abietic acid. Although the acid is present in crystullinr products obtained 
from fresh oleoresins under verv mild conditions and without the use of 
acids, it may not he a true primary arid. The work of Wicnhaus, Ritter 
and Sandcrmann, Bcr., 69, 2198 (1936), indicates that isomcrizations 
may occur even in ncutrnl solvents They obtained abietic acid from 
P. xilvestris without using acids but by repeated crystallization from 
methanol. d-Pimaric arid and levopimaric acid arc possibly the only 
diterpone acids initially present in olcorcsins. Probably all of the so- 
called primary acids described in the literature, other than the two sub¬ 
stances mentioned above and Kraft's pro-abietie acid, arc mixed crystals 
containing varying amounts of these three acids and possibly abiotic 
acid. 

Further information ronccining the structures of the arids and the 
relationship between them was obtained by Bacon and Ruzicka, Chemis¬ 
try and Industry, 55, 546 (1936), who made the significant observation 
that levopimaric acid reacts with inalcic anhydride at room temperature 
and yields a produel, m.p. 227°, identical with that resulting from the 
addition of the anhydride to abietic acid. As the latter reaction occurs 
only at a temperature above 100°, it is inferred that the isomerization of 
levopimaric arid to abietic acid is reversible and that the conversion of 
the more stable isomer into the addition produrt proceeds through au 
isomerization at the elevated temperature to levopimaric acid. The 
observation was confirmed m independent work by Wienhaus and Sander- 
mann, fier., 69, 2202 (1936), who found also that levopimaric arid, but 
not abietic arid, reacts at room temperature with benzoquinone and 
With a-naphthoquinone to give beautifully crystalline, yellow products. 
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Since the other constituents of oleoresins do not form addition products 
under the same conditions, the reaction offers promise of providing a 
method for the quantitative determination of levopimaric acid in the 
resins. 

Kraft's early suggestion 07 that levopimaric acid is a bicyclic com¬ 
pound containing three conjugated double bondt (p. 6 B) has not been sub¬ 
stantiated. Bacon and Ruzicka found that, although the acid yields only 
a dihydro derivative when hydrogenated in neutral solvents in the pres¬ 
ence of Adams’ catalyst, dihydrolevopimaric aeid rapidly absorbs one 
mole of hydrogen in acetic acid solution, using the same catalyst. From 
the mixture of stereoisomers produced there was isolated a tetrahydro 
derivative, m.p. 196-197°, which gives no coloration with tetranitro- 
methane, indicating the absence of a double linkage. The molecular 
refraction of the methyl ester agrees with that calculated for a tricyclic 
system and the ester yields rctene on dehydrogenation with palladium 
charcoal. The conclusion that levopimaric acid contains three rings and 
two double bonds was readied independently by Kraft, in the work 
cited. Ozonization of levopimaric acid in the cold gave no formaldehyde, 
contrary to the requirements of the early formulation, and dihydrolcvo- 
pimarie acid absorbed but a single atom of oxygen on titration with per- 
bcnzoic acid. Titrations of levopimaric acid itself also indicated the 
presence of two double bonds. Kraft originally suggested that the acid 
contains a triene system because this seemed to account for the dis¬ 
placement of the ultraviolet absorption band in the direction of longer 
wave leugths, os compared with abiotic acid, but he later recognized 
that the absorption maximum at 272.5 ni fi is indicative, rather, of the 
presence of two conjugated double bnuds in the same ring (see p. 374). 
In analogy with other cases, the absorption maximum of 237.5 mp found 
for abiotic acid indicates the presence in this acid of two conjugated 
double bonds distributed between two rings. In view of the evidence 
that one of the ethylenic linkages extends to the carbon atom (7) carry¬ 
ing the isopropyl group (p. 60), it is probable that the double bonds of 
abietic acid are located at the 7,8-, and 14,9-positions (for the number¬ 
ing system, sec p. 59). To account for the ready interconversion of 
abiotic acid and levopimaric acid, it is suggested that the latter sub¬ 
stance has the A7,8;14,13-structure. The double bond of the maleic 
anhydride addition product is assumed to occupy the 8,14-position. 
This is consistent with the observation of Wicnhaus and Sandermann 
( loc . cit.) that the addition product, as the methyl ester C 2 SH 34 O 5 , yields 
on ozonization a keto ester-acid C 2 rJl 340 R . This product must arise 
from the severing of a linkage extending to a bridge head, as at the 8,14-, 
5,13-, or 9,14-position. The dihydro derivatives of abietic acid and of 
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levopimaric acid may be structural isomers, or they may differ in the 
configuration at Ct or Cm- According to this view, pro-abietic acid is 
not an intermediate isomerization product but has the A5,13; 14,0-struc¬ 
ture. 

Clemmensen Reduction (p. 72). Evidence that the results arc often 
improved by adding toluene to the reaction mixture is presented by 
Martin, 71 J. Am. Chem. Soc., 58, 1438 (1936). The modification is par¬ 
ticularly useful in the reduction of /8-aroylpropionic acids and of cer¬ 
tain methoxylated compounds. Fieser and Hershberg, ibid., 58, 2382 
(1936), encountered a remarkable side reaction in the reduction of 
/9- (1,5-dimetlioxy-4-naphthoyl) -propionic acid. In the formation of the 
abnormal product the kctonic group is reduced as usual, but the aro¬ 
matic ring to whirh it is attarhrd is hydrogenated in the course of the 
reaction and a methoxyl group in the para position is eliminated as well. 

Friedel and Crafts Reaction with /9-Naphthyl Methyl Ether (p. 74). 
Following the discovery by Haworth that /9-naplithyl methyl ether is 
substituted largely in the 6-poutinn when the Friedel and Crafts reac¬ 
tion with acid chlorides is conducted in nitrobenzene solution (p. 209), 
Short, Stromberg and Wiles, J. Chnn. Soc., 319 (1936), found that this 
is true also in the reaction with succinic anhydride. They state that in 
nitrobenzene solution the 6- and 1-substitution products are formed 
approximately in the rntio 9:1, but no yields arc recorded. On using 
carbon bisulfide a« the solvent only the 1-substitution product was iso¬ 
lated (no yield given). Ilill, Short and Higginhottom, ibid., 317 (1936), 
found that when the 1-position is blocked by a methyl group substitu¬ 
tion oceurs almost entirely in the 6-position. Using nitrobenzene as the 
solvent they obtained /9-(2-mcthoxy-l-niolhy]-6-naphthoyl) -propionic 
acid in 78$ yield. The kpto adds were employed for the synthesis of 
7-mcthoxy- and 2-mcthoxy-l-methylphcnanthrene. 

Synthesis of Retenequinone (p. 75). By a process similar to that 
of Ruzickn andWaldmann, 75 Keimatsu, Ishiguro and Sumi, J.Pharm.Soc. 
Japan, 56, 588 (1936), synthesized 9-inethoxyretene; retenpquinone was 
obtained on oxidation. As in the work of Ruzieka and Waldmann, the 
7-isopropvl-l-naphthyl methyl ether required n« starting material was 
synthesized from isopropylbenzene and succinic anhydride The syn¬ 
thetic 9-mcthoxyretene, m.p. 108-108.5°, was identical with the methyl 
ether of a compound prepared by Fieser and M. N. Young, J. Am. 
Chem. Soc., 53, 4120 (1931), by the reduction of retenequinone with zino 
dust and arctic acid, and regarded by them ns 9-retenol on the basis of 
certain observations and inferences. The synthesis establishes the fact 
that it is the oxygen atom closest to the methyl group in retenequinone 
which in eliminated on reduction. 
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Perlman-Davidzon-Bogert Synthesis (pp. 77-78). Shortly after the 
preliminary announcement by Bogert 78 in 1933 of the new phenanthrene 
synthesis, Cook and Hewett (p. 161) reported the independent discovery 
of the same method. In the hands of Cook and co-workers, and of other 
investigators, the general scheme of synthesis became an important tool 
in the solution of various problems, and the method was extended and 
applied in a number of rases (pp. 22,164,167, 210). Cook found that, 
in the cyclization of an unsaturated hydrocarbon of thr type of II, the 
intramolecular addition of the aromatic nucleus to the double bond 
usually ocrurs to some extent in both possible directions, with the result 
that the normal reaction product is accompanied by an isomeric spiran 
(pp. 161-162). Eventually a satisfactory method of avoiding spiran 
formation and improving the yield was developed (Kon, p. 164; Cook, 
p. 162). 

Information concerning the simplest application of the general syn¬ 
thesis has become available only rcrentlv. In preparing a quantity of 
ag-octahydrophenanthrene (III), vun de Kamp and Mosettig, J. Am. 
Chem. iSor., 58, 1062 (1936), isolated n small amount of a by-product 
which they regarded as a stereoisnincric hydroenrbon. From the results 
of an oxidntion experiment, Cook, Hewett and Lawrence, J. Chem. Soc., 
71 (1936), suggested that the ortahydrophenanthrene may be accom¬ 
panied by a spirocyclic isomer, as in other rases. Finally Bogert and his 
rollnhorntoTs reported the results of their study of the reaction [Bogert, 
♦Science, 84, 44 (1936); Perlman, Davidson and Bogert, J. Orq. Chem., 1, 
288, 300 (1936)]. They were able to separate the by-product in a fairly 
satisfactory condition and to show that it is a spiran. The hydrocar¬ 
bon was oxidized to a.u-pentHiiicthyleuehomophthnlie acid, whirli was 
identified by comparison with a product obtained by the oxidntion of a 
synthetic spiran of unequivoeal structure. 

The history of the discovery and exploitation of the important Hyn- 
tlictir method is such as to suggest that it be referred to in the future as 
the Bogert-Cook synthesis. 

D&rzens Synthesis (p. 80). Darzcns and Levy, Compt. rend., 202, 
73 (1936), found that a-chlornmcthyl derivatives of naphthalene and of 
a- and /J-mcthylnaphthalenc can he obtained in excellent yield from the 
hydrocarbon, trioxyinethylene, and hydrogen chloride in glacial acetic 
acid solution. From a-chloromcthylnAphthalcnc they obtained 1,9-dimc- 
thylphenanthrene bv the standard synthesis (c) [Idem, ibid., 202, 427 
(1936)]. 
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Chapter III 

1,2-Bonzpyrene (p. S3, if.)- The pyrene numbering system used in 
this book (p. 16) is that originally employed by Cook, Hcwctt and Hie- 
ger, 7 the discoverers of the carcinogenic constituent of coal tar. Borne 
confusion haB arisen in the literature because German authors have 
adhered to the numbering used in early literature and termed the hydro¬ 
carbon 3,4-bcnzpyrene. In the interests of uniformity, the English inves¬ 
tigators very recently have reverted to the older system. The present 
author has agreed to use "3,4-bcnzpyrenc” in future publications, but a 
change cannot be made in the book until the text is completely revised. 

Carcinogenic Activity of Cholanthrene and 1,2-Benzanthracene Deriv¬ 
atives (pp. 88-93). The results of further testa conducted at the Royal 
Cancer Hospital, London, are reported in review papers by Cook, Ber., 
69A, 38 (1936), and by Cook, Ilaslewnod, Hcwctt, Tlieger, Kennaway 
and hlayncord, Hi port*, oj the Sicond Congr '■ss oi Scicntific and Social 
Campaign against Cancer, 1, 1 (19361. The results of studies of the car¬ 
cinogenic action of the hydrocarbons synthesized at Hurvard by L. F. 
Fieser, M. Fieser, Hershbcrg, Newman and Scligman are reported in 
detail by Shear, 1 ®- 17 Am. J. Cancer, 26, 322 (19361; 28, 334 (1936). 
l T Hing the injection technique, and testing the malignant nature of the 
tissue by transplantation, Shear found that the average time of the 
appearnnre of tumors in purest rain mice following the administration 
of 5-10 mg. of mutcrinl affords an approximate relative measure of 
the potency of the compound. Relative rareinogenic activities deter¬ 
mined in this way are as follows: methylrholanthreue, 2.5 mos.; cholan- 
threne, 3 mos.; 1,2-benzpyrene, 3 5 iuos.; 1,2,5,6-dibcnzunthrarcne, 7 
mos. Qualitatively, at least, the results are in excellent agreement with 
those obtuined nt the Cancer Hospital. A comprehensive review of 
experiments with 1,2-benzpyrene and 1,2,5,6-dibcnzanthracene in a num¬ 
ber of other laboratories is given in the paper by Cook, et al. ( loc . rtf.) 

Since mcthylcholunthrcnc and cholanthrene surpass in potency all of 
the other benzanthracene derivatives previously investigated, it was a 
matter of considerable interest to attempt to define the features of struc¬ 
ture responsible for their striking activity. One aspect of the work 
in tins direction conducted nt Harvard wus to investigate tire effect of 
further elaborations of the methylcholanthrene molecule. Using the 
sterol numbering system (p. Ill), this potent carcinogenic agent may 
be called 20-mrthylcholunthrenc, and the introduction of n methyl group 
at the 16-position in the five-niembered ring gives 16,20-dimethylcholan- 
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threne 88 (XIII, p. 107). Shear found that this modification of the 
molecule results in a distinct decrease in activity, the average time of 
appearance of tumors being 7.5 mos. r,9-Methylene-l,2,5,6-dibcnzan- 
thracene 64 (from IX, p. 106) is another compound containing the skele¬ 
tal structure of methylcholanthrene but having two additional carbon 
atoms incorporated in an aromatic ring, and it combines as well the 
features of structure of the carcinogenically active 1,2,5,6-dibenzanthra- 
cene. While the hydrocarbon has definite cancer-producing properties, 
the activity is considerably less than that of the dibenzanthracene (11 
mos.). 15,16-Benzdehydrocliolnnthreno ai (XVI, p. 107) has the charac¬ 
teristic cholantlirenc ring system with a benzene ring fused to the fivc- 
membered ring. The substance shows only slight activity. 

Although other variations in the same direction would be of interest, 
it seems evident from the present indications that an increase in the 
complexity of the structure results in a decrease in carcinogenic activity. 
The observation that diolanthrene is only slightly less potent than 
raethylcholauthrene suggested that it might he profitable to investigate 
the further simplification of the molecule diolanthrene may he regarded 
as the 5,10-dimethvleiiP derivative of 1,2-benzanthracene, but, in con¬ 
sideration of its high potency as compared with a number of methyl 
and dimethyl derivatives of the hydrocarbon, Cook rt ah were led to con¬ 
clude that ‘‘The essential structural feature is the pentacyclic system 
present in the molecule ” In order to determine with certainty whether 
the special activity of diolanthrene is associated with the presence of 
the fivc-inembcred ring including carbon atoms 5 and 10, or inrrelv 
with the presence of nlkyl substituents at these positions, Ficscr and New¬ 
man synthesized 5,10-diiiiethyl-1^2-benzantliracenc (p. 353). The 5- 
and 10-raonomethyl compounds were prepared for comparison. Accord¬ 
ing to the latest (unpublished) observations of Shear, 5,10-dimethyl- 
1 ^-benzanthracene produces transplantable tumors in mice and the 
tumors appear, on the average, after about three months. Furthrr experi¬ 
ments may define more exactly the position of the compound in the series, 
but it is evident from the tests already completed that the hydrocarbon 
is comparable in carcinogenic activity with cholanthrene and methylcho¬ 
lanthrene. The five-membered ring characteristic of the cholanthrene 
system is of importance in contributing to the activity of hydrocarbons 
of this type only in that it includes carbon substituents at the 5- and 10- 
positions, and the intact ring is by no means essential. The results 
(Shear, unpublished) obtained with the monomethyl compounds are of 
further interest. It had been found bv the research group in London 
that 5-mptliyl-l,2-bonzanthraeene is slowdy, if definitely earcinogenic, 
and a similar conclusion was reached in experiments with material pre- 
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pared by a different synthesis. In marked contrast to the behavior of 
this isomer, 10-methyl- 1,2-bcnzanthracene produced tumors in a large 
proportion of the mice tested in from three to four months. This com¬ 
pound of simple structure is nearly as active as the cholanthrenes. 

When the previous results are viewed in retrospect, substitution at 
positions 5 and 6 appears to be of secondary importance. While it is 
true that 5,6-dialkyl-l,2-bcnzanthracencR regularly exhibit cancer- 
producing properties and that this fact provided a valuable due 
which led to the discovery of rarcinogenir activity among the cholan¬ 
threnes, the most important structural feature of methylcholanthrene 
is not the 5,6-substitution, or the presence of an added ring, but 
simply substitution at the meso-position 10. It is very interesting that 
1,2-benzpyrene may be regarded as a 1,2-benzanthracene with a carbon 
substituent at the alternate mcso-position 9, and that 8,9-dimethylene- 
1 ^-benzanthracene, 6 * an isomer of cholnnthrene, shows some activity 
(Shear: tumors in 7 mos.). Obviously compounds with still simpler 
substituents at Cb merit investigation. That too great on elaboration 
of an effective type of structure may result in loss of potency has been 
demonstrated repeatedly, and a further example is that the 7-methyl 
derivative* 2 of 8,9-dimcthylcne-l,2-bcnzanthraccne is inactive. Par¬ 
ticularly striking is the case of 10-isopropyl-l,2-benzanthracene, 
which was prepared by Cook 81 in 1932. In contrast to the 10-methyl 
compound, the hydrocarbon was found to be devoid of carcinogenic 
properties. The substance is somewhat comparable with the rather 
slowly acting 16,20-dimrthylcholanthrenc, for this carries a branched- 
chain substituent at the Bame meso position. 

The discovery of substances far simpler in structure than methylcho- 
lanthrcnc which approach it in carcinogenic potency lias a possible bear¬ 
ing on the hypothesis that cancer-producing hydrocarbons may arise in 
the organism by the abnormal metabolism of cholesterol or of bile adds. 
Hitherto this hypothesis has found some support not only in the demon¬ 
stration that bile arids ran be transformed by chemical means into 
methylcholanthrene, but also in the apparently striking circumstance 
that this particular hydrocarbon, which carries as a mark of its possible 
origin the cyclopenteno ring characteristic of the sterolB and sex hor¬ 
mones, is outstandingly potent in comparison with other compounds. 
While the possibility of the biological formation of methylcholanthrene 
remains undisputed, if, to be sure, quite unestabliBhed, the observation 
that comparable activity is exhibited by simpler hydrocarbons lacking 
both the Cso-methyl group and the cyclopenteno ring characteristic of 
the sterols, and of a type not likely to ariBe in the process of metabolism, 
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weakens somewhat the circumstantial evidence favoring acceptance of 
the hypothesis. 

Other Studies (pp. 92-93). The report of A. A. Morton, Clapp and 
Branch [Ref. 25 and Am. J. Cancer, 26, 754 (1936) J that triphcnylben- 
zene and tctraphenylmrtlianc produce malignant tumors in mice haB not 
yet been confirmed in other laboratories. Shear (lor. nl. p. 349, and 
private communication) obtained entirely negative results with triphcnyl- 
benzene. Each of twenty mice received a subcutaneous insertion of 10 
mg. of a sample of the hydrocarbon which had been purified for an 
atomic weight determination. No tumors had appeared at the end of 
sixteen months and there were twelve survivors. 

Negative results have been obtained with dehydronorcholene (Cook 
ct ai, loc. cit., p. 349, Shear), hrxuhydrnuiethylrholanthienc (Shear), and 
dodecahydrocholanthrene (Cook, et. al.) 

Tumors have been produced by the subcutaneous injection of aqueous 
solutions of the sodium salts ol 1,2,5,6-dibcnzaiithrurciic-eiido-a,j9-sur- 
cinic acid 18 (Cook, et. al.) and of mcthylcholanthrcne-cholcic acid 18 
(Shear), in the latter case without any difficulty arising from the hemo¬ 
lytic action of uncombined desoxycholic acid. The actions of the former 
compound are described by Burrows and Cook, Am. J. Cancer, 27, 267 
(1936), and by Parsons, J. Path. Bart., 43, 1 (1936). 

Reviewing the extensive literature of the biologiral studies of car¬ 
cinogenic agents, Conk, et al., note that "The results obtained in the last 
few years have shown that a variety of tumors (rarcinoma of the skin, 
kidney, testis, bladder, liver, and uterus; sarcoma of the subcutaneous 
tissue, peritoneum and Rplccn) ran be induced by pure chemical com¬ 
pounds.” References may be found in this review to interesting studies 
of the rate of disappearance of carcinogenic hydrocarbons in the body, 
the effect of these compounds on surli processes as respiration, the influ¬ 
ence of genetic factors, (he influence of the medium for the administra¬ 
tion, the effect of inhibitors, the propagation of tumors by cell-free mate¬ 
rial, and other matters. A summary of the results of studies of the 
action of hormone preparations (pp. 217-219) shows that between thirty 
and forty instnnrcR of mammary enneer in male mice receiving oestrin 
have been recorded, but that no cnrrinogenic action truly comparable 
with that of the benzanthracene hydrocarbons haB been observed. 

The report of Browning and his collaborators aB that the styryl quino¬ 
line derivative (styryl 430) has cancer-produring properties has been con¬ 
firmed in further work by Browning, Gulbransen and Niven, J. Path. 
Bact., 42, 155 (1936). The interesting discovery of Yosliida (see Cook, 
et al., for references) that o-aminoazotoluene has carcinogenic proper¬ 
ties has been confirmed in repeated experiments in various laboratories. 
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Administered by subcutaneous injection or orally, the substance pro¬ 
duces tumors of the liver and bladder. Boyland and Brues (cited by 
Cook, et al .) found that 3,4,5,6-dibenzrarbazolc produces proliferation 
of the bile ducts in a large proportion of cases when applied to the sKin 
of mice. Since this substance may be regarded as a product of the 
dehydrogenation and condensation of two molecules of 0-naphthylamine, 
the carcinogenic power of the compound is of interest in connection with 
the caseB of bladder cancer found among workers engaged in the manu¬ 
facture of dyestuff intermediates, particularly /9-naphthylamme [Ref. 
27, bIso W. C. Hueper, J. Ind. Hyg., 18, 140 (1936)]. 

Synthesis of 5,10-Dimethyl-l,2-benzanthracene (addition to p. 94). 
For the preparation of this actively carcinogenic hydiocarbon and related 
compounds, Fieser and Newman, J. Am. Chem. Soc., 58, 2376 (1936), 
developed a synthesis which combines various features of other methods. 
As in Cook’s synthesis of the 6- and 7-isopropylbenzantliraceneB (p. 94), 
the starting material was 1,2-naphthalir anhydride (previously called 
1,2-naphthalenc dicarboxylic acid anhydride), a compound which is now 
readily available by a convenient synthesis (Ref. 8, p. 221). On inter¬ 
action of the anhydride with o-tolylmagnesium bromide, addition occurred 
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to some extent at each carbonyl group, but the desired o-toluyl-a- 
naphtlioic acid (a) was the chief product 1,2-Naphthnlic anhydride is 
attacked chiefly at the less hindered /7-group in both the Friedel and 
Grafts and the Grignard reactions, but it is only in the latter case that 
a substituent ran be introduced at the ortho (or meta) position of the 
bensenoid ring. For the introduction of a methyl group, the ester of 
the keto acid (a) was treated with the Grignard reagent, as in analogous 
cases in the aliphatic series (p. 72, VII —> VIII), but with only moder¬ 
ately satisfactory results When the free acid (a) was treated with an 
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excess of methylmagnesium bromide, the lactone (b) was obtained in 
86% yield. Reduction of the lactone was accomplished by the Clem- 
mensen method and the acid (c) was cyclizcd with sulfuric acid to the 
anthrone (d). Reduction with zinc dust and alkali gave the desired 
5 y 10-dimethyl-1^2-benzanthracene (c). 5-Methyl- and lO-mcthyl-1,2- 
benzanthracene were synthesized by obvious variations of the same 
scheme. 10-methyl-l,2-benzanthracenc has been prepared also from 
1,2-benz-lO-anthrone and methylmagnesium iodide (Ficscr and Hersh- 
berg, unpublished results). Some reduction occurred in the reaction of 
the keto acid (a) with Grignard reagents of higher molecular weight. 

Synthesis of Hethylcholanthrene (pp. 105-106). An improved proc¬ 
ess for the synthetic preparation ot nicthylcholanthrcnc and related 
hydrocarbons has been described by Fiesor and Seligmnn, J. Am . Chem. 
Soc ., 58, 2482 (1936). 4-Chloro-7-mcthylhvdrindcne was employed in 
place of the 4-bromo compound (corresponding to I) for the preparation 
of the required ketone (II, p. 106). The hydrindenc derivative was 
obtained by application of the reaction of F. Mayer and F. Muller, Ber ., 
60, 2278 (1927), rather than by the Blanc reaction and the malonic ester 
synthesis. 02 p-Chlorotolucne was condensed with £-chloropropionyl 


p-CHAH 4 Cl+ClCH l CH,COCl-► CH,C|H,(CI)C0CH«CH,C1 

(a) 



chloride by means of aluminum chloride, giving a mixture of the two pos¬ 
sible chloroketones (a); cyrlization to a hydrindone mixture (b) was 
accomplished by treatment with concentrated sulfuric acid. Reduction 
of the mixture afforded a single product, 4-chloro-7-mcthylhydrindenc 
(c), which was converted into the corresponding nitrile (d) by interac¬ 
tion with cuprous cyanide in pyridine solution (modified Rosenmund- 
von Braun reaction, yield 78%). Condensation of the nitrile with o- 
naphthylmagnesium bromide gave the desired ketone II in 89% yield. 
It is interesting that the yield of the ketone is nearly twice as great as 
in the condensation of the Grignard reagent from 4-bromo-7-methylhy- 
drindene with o-naphthoyl chloride 02 or with a-naphthonitrile [Bach- 
mann, J. Org. Chem., 1, 347 (1936)]. The pyrolysis of the ketone pro- 
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Deeded well on a largo scale, giving pure methylcholanthrene in 49% 
yield. A by-product formed in the pyrolysis was characterised as a 
hydrocarbon (C21H20) and regarded as resulting from the reduction of 
the carbonyl group of the ketone II. The isolation of products of both 
reduction and oxidation (enthrones, see p. 108) in the Elbe condensation 
suggests that a process of disproportionation occurs as a Bide reaction. 
By the new synthesis methylcholanthrene uun be prepared in quantity 
in over-all yield of 20% from p-chlorotoluenc. 

Bachmann (lor. cit.) reports that in the preparation of 1,2,5,6- 
dibenzanthracene by the Elbs reaction the yield in the pyrolysis waB 
increased to about 50% by the addition of 10% of sine dust. ThiB modi¬ 
fication docs not appear to have been tried in the case of the methyl- 
rholanthrene synthesis. Bachmann prepared mcso-dihydromethylcholan- 
threne through the disodium and dilithium compounds. 

Synthesis of Phenanthrene and Hydrophenanthrene Derivatives (p. 
110). The general interest in phenanihrenr derivatives of various types 
has led to the development of a number of new methods of constructing 
the phenanthrene ring system. Certain of the methods arc appropriately 
discussed in connection with special fields of investigation, but there are 
others which as yet have not found sufficient application to any one speci¬ 
fic problem to be classified very satisfactorily. The two diene syntheses 
described on page 110 seem to belong to this class and it is perhaps 
appropriate to include, in a review of the extensions of these methods, 
references to certain other phenanthrene syntheses. (Another diene syn¬ 
thesis of polycyclic compounds is. described on p. 388. 

The diene synthesis of Fieser and Hcrshberg 73 proved very satis¬ 
factory for the preparation of 3-fer.-butylphenanthrene [Ficser and 
Price, J. Am. Chcm. Roc., 58, 1838 (1936)] and of chrysene and 2,3- 
dimethylchrysenc, but attempts to prepare hydrocarbons of the 3,4-bcnz- 
phenanthrene and 6,7-acechrybenc series were successful only in the rase 
of the dimethyl derivatives and then the yields were poor [L. F. Fieser, 
M. Fieser and HcrBhberg, 74 ibid., 58, 1463 (1936)]. Fieser and Holmes, 
ibid., 58, 2319 (1936), investigated a variation of the general plan of 
applying the Diels-Alder reaction to unsaturnted cyclic compounds and 
found that a./Nunsnturatrd esters arc callable of entering into the reac¬ 
tion. The addition of dienes to 3,4-dihydro-l -naphthoic ester occurs at 
a temperature somewhat higher than that required in the cose of 3,4- 
dihydro-l ,2-naphthalic anhydride (XI), affording hydrophenanthrene 
derivatives of a type hitherto inaccessible. Using the morphine number¬ 
ing system because of the possible application of the results to morphine 
chemistry, the product obtained from butadiene is 5,8,9,10,13,14-hcxahy- 
drophenanthrenc-13-carboxylic acid, a substance having a carbon sub- 
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stituent at the position whirl) is indicated as being the most likely point 
of attachment of the cthanamine chain of morphine (p. 36). In order to 
provide a closer approach to the morphine type of structure a method 
was developed for the synthesis of substituted dihydronaphthoic esters. 
In a typical case anisole is condensed with Buccinic anhydride and the 
product is reduced and converted into a-oxalyl-y-nnisylbutyrio ester. On 
hydrolysis with 15% sulfuric acid this is ronverted into a-keto-8-anisyl- 
valeric acid, which can be cyclized to 7-mcthoxy-3,4-dihydro-l-naph- 
thoic acid with 65% sulfuric acid. By condensing the corresponding ester 
with butadiene, a 3-mcthnxyhexuliydrophennnthrene-13-rarboxylic acid 
wab obtained. The methoxyl group occupies the same position as that 
of codeine (p. 25). 

A novel synthesis of hydrophenanthrenc derivatives is described by 
Pinkney, Ncsty, Wiley and Marvel, ibid., 58, 972 (1936). The dimag- 
ncRiiun halide of acetylene is condensed with two molecules of cyclo¬ 
hexanone and the resulting acetylenic glycol is dehydrated with 40% 
sulfuric arid to the dieneync (al. On treatment with 85% formic acid 


nw’ii.coscc; - nu’ii, „ l0 
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this undergoes simultaneous hvdrution and cyrlization and yields A u - 
dodecuhydrophcnanthronc-9 lb). The fully saturated hydrocarbon 
obtained from this ketone was not dehydrogenated by selenium at 320°. 

Another scheme for the synthesis of phrnnnthrenes involves the clos¬ 
ing of the central nucleus through acetic derivatives of diphenyl or 
of a hydrodiphcnyl. Chatterjee, J. Indian Chem. Roc., 12, 591 (1935), 
prepared cyrlohexanone-2-acetic ester from 2-carbethoxycyclohrxanone 
by the Reformat sky reartion and hydrolysis, condensed the keto ester 
with phenylmagnesium bromide, and obtained diphcnyl-2-acetic acid by 
treatment of the rarbinol with sulfur, followed by hydrolysis. Cycliza- 
tion with sulfuric arid gave 9-phcnanthrol. Cook, Hcwett and Lawrence, 
J. Chem. Roc., 71 (1936), obtained 2-phcnylryrlohexanol in almost quan¬ 
titative yield by the condensation of ryclohexene oxide with phenyl- 
lithium. The alcohol was oxidized to 2-phenylcyclohexBnone and 
the—CH 2 CO 2 H group was introduced by the Reformatsky reaction, 
dehydration, and hydrogenation. Cyclization with sulfuric acid gave 
l,2,3,4,B,10,ll,12-octahydrophcnanthrone-9, which yielded B-phenanthrol 
on dehydrogenation with platinum. On converting 2-phenylcydohexanol 
into an acetic acid derivative by the malonic ester synthesis and cyelising 
the product, an isomeric octahydrophcnanthrene was obtained. Sher- 
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wood, Short and Woodcock, ibid., 322 (1636), synthesized 9 -phenanthrol 
by a combination of the procedures of Chatterjee and of Cook and co- 
workers. Essentially the same method of synthesis, suitably elaborated, 
was employed by Hewett, ibid., 506 (1936), for the synthesis of 3 , 4 -benz- 
phenanthrene and its 2 -methyl derivative. 

Short, Stromberg and Wiles, ibid., 319 (1936), have called attention 
to the interesting observation of Berger, J. prakt. Chom., 133,338 (1932), 
that phenonthrenc can be obtained in fair yield by heating 2 , 2 '-dimethyl- 
diphenyl with sulfur at 250°. The English workers found thBt the car- 
binol from 2 -mcthylcyclohrxanonc and o-tolylmagnesium iodide yieldB 
phenanthrene on similar treatment, but the reaction docs not appear to 
be capable of general application. 


Chapter IV 

Occurrence of Cholesterol fp. 112 ). Allhough the cholesterol pres¬ 
ent in the brain and gall stones occurs almost exclusively in the free con¬ 
dition, the material found in most organs of the budy is present partly 
as such and partly in the iomi of fatty acid esters. In a careful investi¬ 
gation of the cholesterol content of blood serum, which normally con¬ 
tains 0.15-0.25 g. of total cholesterol per 100 cc., Sperry, J. Biol. Chem., 
114, 125 (1936), found that the percentage of uncombined cholesterol is 
even more constant and lower than indicated in previous work. The 
average found for a numbnr of different individuals was 26.9%, with a 
standard deviation from the mean of only ±1.4%. 

Cholesteryl Esters (p. 112). Ncdswedski, Z. physiol. Chem., 236, 69 
(1935); 239, 165 (1936), observed the enzymatic synthesis of cholesteryl 
esters in colloidal solutions containing cholesterol, a higher fatty acid 
(palmitic, stearic, oleic), pancreatic lipase, and bile salts. Ester forma¬ 
tion does not occur in the absence of bile salts, which appear to have a 
stabilizing influence on the enzyme. The salts of cholic, glycocholic, and 
taurocholic acid seem to be equally effective. The colloidal solutions of 
cholesterol were prepared by the usual process [Forges and Neubauer, 
Biochcm. Z., 7, 152 (1908)] of pouring an acetone solution of the sterol 
into water and evaporating the organic solvent. 

Sitosterols (p. 112). Some further progress has been made in char¬ 
acterizing the phytosterol fractions which Anderson 2 designated a-, 0 -, 
and 7 -sitosterol. From the observation that /9-sitosterol and stigmasterol 
yield the same hydrogenation products, Bengtsson, Z. physiol. Chem., 237, 
46 (1935), c on cl uded that the / 9 -compound has the structure of 22 -dihydro- 
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stigmasterol. This structure is also suggested for "sitosterol” by Vnng- 
helovici and Angclesou, Bui. soc. chm. Romania, 17, 177 (1035), who 
identified acetone as one product of the oxidation of the acetate, indicat¬ 
ing that the side chain terminates in—CH (CH S ) 2 . The most soluble phy- 
tostcrol fraction from wheat-germ oil, obtained by Anderson only in an 
impure rondition and referred to by him as a-sitosterol, has been investi¬ 
gated further by Wallis and Fernholz, J. Am. Chem. Soc., 58,2446 (1936), 
who succeeded in isolating two new doubly unsnturated sterols in a pure 
condition. One of these, ai-sitostcrol, is an isomer of stigmasterol 
(C 20 H 4 RO), while the other (a 2 ) probably is a hnmuloguc, C : ,(iTI- l 0 O. 

Preparation of Cholesterol (pp. 112-113). A rapid method of extract¬ 
ing cholesterol from brain tissue has been developed by Reincsow and 
Lewaschowa, Z. physiol. Chem., 241, 81 (193G). After cooling the tissue 
with liquid air it is possible to grind the material to a line powder without 
previous drying, and on extraction with acetone about 83To of the totnl 
cholesterol present con be obtained in n satisfactory rondition. 

Lanosterol (p. 113). In 1872 E. Schulze isolated from the wool fat 
of sheep a substunee which, because it seemed to resemble cholesterol, 
was called ‘‘isoeholehterol." Much later it was shown by Winduus and 
Tscheschr, Z. physiol. Chon., 190, 51 (1930), that “iwicholesterol’’ is a 
mixture of two substances, lanosterol and agnostrrul. The formulas and 
properties found for these supposed sterols are listed in the table, p. 113. 
In a later investigation, II. Schulze, ibid., 238, 35 (19361, dehydrogenated 
a lanostcrol-agnostcrol mixture containing 92'f of the tormer compound 
and identified 1 , 2 , 8 -trimethylphcnanthrcne as a product of the selenium 
treatment. Since alkyl phenanthrenes have been obtained us degradation 
products 0 / terpenoid compounds such as nbietie acid (p. 58) and isoa- 
gntlur arid (p. 69), but not of sterols, it appears from this evidence and 
from the empirical formula that lnnosterol is a triterpene alcohol (pp. 
318-321) and not a sterol. The compound is not altered by being heated 
with platinum at 300° and therefore all six-membered rings present in 
the molcrule must be protected from ready aromatizution by tertiary 
methyl groups. Previously polylcrpenoid compounds had been known 
to occur only in plants, and it is of interest that the constituents of 
“isocholesterol” found in wool fat have been found incapable of absorp¬ 
tion by the animnl organism and consequently they cannot be acquired 
through foodstuffs. It therefore seems tliul the animal organism can 
synthesize polyterpeues as well as sterols. A further characterization of 
lanosterol has been undertaken by Doree and Petrow, J. Chem. Soc., 
1562 (1936). 

H. Schulze also investigated the substance onocerin from the root 
of Ononis spinosa, previously regarded as a sterol on the basis of a 
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rather fragmentary characterization. On dehydrogenation this was found 
to give in unusually good yield a hydrocarbon identified as 1,2,5,6-tetra- 
mcthylnapthalene, a characteristic degradation product of a number of 
triterpenoid compounds (p. 310). From the analysis of various deriva¬ 
tives, Schulze concluded that the formula of the substance is C^HmOj 
± 2H, and that it is in fnet u triterpenoid, diatomic alcohol. 

Sterols (p. 113). The isolation from wax of a Bubstance named 
bombicesterol, (’.stIThA m.p. 139-140°, |a]n —31.5°, is described by 
Kawasaki, J. Pharrn. Hoc. Japan, 55, 758 (1935). 

A’-Cholestenone (p. 115). Bntcnandt and Schinidt-Thomc, Ber. 69, 
882 (1936), found that when the oxidation product of cholesterol dibrom¬ 
ide is debrnminated by short beating with zinc in neutral alcoholic solutiun 
the double bond does not migrate to a position of conjugation, and the 
product is A B -cholcstenone (m.p. 127°), an isomer of the ordinary 
(A 4 ) choleslenonc (m.p. 80°). A 3 -CholcRtenone is stable in neutral 
solutions but rapidly rearranges into the AMsomer in warm alcohol 
containing a trace of mineral acid or alkali, or in glacial acetic acid 
solution. When A’-cbolcstcnonc dibronude is debrominated with zinc 
and acetic acid, with sodium iodide and alcohol, or with zinc and weakly 
acidic alcohol, the conditions are surli as to pause the unsaturated ketone 
first formed to rearrange in the roursc of the reaction. 

Stereochemistry of the Steroids (addition to p. 117). Callow and 
F. G. Young, Pror. Boy. fine. (London), A157, 194 (1936), have made a 
preliminary study of the application of van't Hoff’s principle of optical 
superposition to the sterols, bile neid«, and other biologirally important 
compounds containing the reduced cyclopentcnoplicnanthrcne ring sys¬ 
tem. The English investigators propose the term “steroid” as a generic 
name for the entirr group of compound? having this rnmmnn structural 
unit. On comparing the specific rotations of a number of diastcrcomeric 
pairs of compounds of opposite configuration at C 3 , it was found that in 
most cases the contribution of carbon atom 3 to the molecular rotation 
varies hrtween fairly narrow limits, with a mean value of i 11.5°. The 
effect of an inversion at is small and irregular. From a comparison 
of a number of pairs of compounds such as clmlcstanonciand cholcstenono 
it was established that a 4,5-ethvlcnic linkage generally causes a marked 
increase in dextrorotation lav.+220 n ). The effect of a 5,6-double bond 
is of about the same magnitude but in the opposite direction (av.—230°). 
Such simple empirical rules, if confirmed and extended, should provide a 
useful basis for the critirism of constitutional formulas suggested from 
chemical considerations. 

Rosenheim Reaction (p. 118). According to observations of Schoen- 
heimer and EvanB, J. Biol. Cfiem., 114, 567 (1936), the Rosenheim color 
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reaction is given by sterols possessing a system of conjugated ethylenir 
linkages (e.g. ergostcrol, scillaridin A) or by those capable of forming 
such a system by interaction with trichloroacetic acid (c.g. allocholesterol, 
see p. 361). 

Microdetermination of Cholesterol (p. 119). Much attention has 
been given to the development of rapid and accurate methods for the 
determination of cholesterol in blood and other biological matcnul. A 
particularly aatirifncLory procedure for the determination of Ircc and 
total cholesterol is that of Schocnhcimer and Sperry, J. Biol. Chem., 106, 
746 (1934). Only 0.2 cc. of serum or whole blood is required anil small 
amountR of cholesterol may be determined rapidly and accurately. The 
sample is extracted with acetone-alcohol and the free cholesterol is 
precipitated from a portion of the solution with digitonin. Total 
cholesterol is precipitated similarly from another portion of the extract 
after alkaline hydrolysis of the cholesteryl esterB, and the cholesterol 
content of the two precipitates is determined by application of a color 
reaction with acetic anlivdndc and sulfuric acid, using a sensitive photo¬ 
meter. The accuracy is comparable with that obtainable with the 
macrogravimctric procedure of Windau*, and the introduction of color¬ 
imetry in the final step makes it possible to analyze a sample one one- 
hundredth the size previously required The results may differ slightly 
in some cases because saturated sterols if present arc precipitated by 
digitonin but do not give the color reaction. A modification of the 
Schoenheimer-Sperry procedure has been developed by C. Riegel and 
Rose, ibid., 113, 117 (1936), for the determination of 0 5 to 5 mg. of free 
and combined cholesterol in bile (1-10 cc.), with an accuracy of ±5^. 
The initial extraction is made with ether. 

In contrast to the colorimetric determination of digitonin precipitates, 
the direct application of colorimetry does not distinguish between free 
and combined rholeslerol, sinre the esters give nearly the same color 
reactions as the sterol itself. Reinhold, Am. J. Clin. Path., 6, 22, 31 
(1936), has shown, however, that by suitable modification of standard 
colorimetric methods it is possible to obtain results for total cholesterol 
which agree reasonably well with those of the gravimetric digitonin 
methods. 

An entirely new method of determining botli free and combined 
cholesterol has been introduced by Sobel, Drektcr and Natelson, J. Biol 
Chem. f 115,381, 391 (1936). Free cholesterol is precipitated ns pyridine 
cholesteryl sulfate, unchanged esters and lipoids are extracted with 
petroleum ether, and the amount of cholesterol in the precipitate is esti¬ 
mated by the Licbennann-Burrhard reaction. The values for total 
cholesterol in blood serum determined by the new method were compar- 
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able with those obtained by the rholesterol digitonide method, although 
they generally were slightly higher. The values found for free cholesterol, 
however, indicated that only 6-10% of the total sterol iB present as such, 
whereas from the results obtained by the cholesterol digitonide methods 
it has been considered that the percentage is of the order 25-35% (see p. 
357. The authors suggest thnt, a part of the cholesterol formerly 
regarded as free may be present in some labile eombination which is split 
by digitonin but not by the pyridine sulfate reagent. 

Cholesterol Digitonide (p. 119). Dissociation into the components 
can be brought about by boiling a solution of cholesterol digitonide with 
aleoholic sodium acetate solution. On adding a suitable amount of ether 
the digitonin and the sodium acetate nre precipitated while the cholesterol 
remains in solution. Lifschutz, Biochcm. Z , 282, 441 (1935). 

Isomers of Cholesterol (addition to p. 120). A number of observa¬ 
tions have appeared in the literature regarding a substance known as 
“allocholesterol” (up 117°) which Wmdaus n prepared by the action 
of potassium acetate on cholesterol hydrochloride and whirh lie regarded 
as the A 4 -isomer of cholesterol It w an thought that the substanee 
rearranges easily under the influence of hj drorhloric arid into rholesterol 
(as stated in the first edition, pp. 119, 2B1-282). Recently these conclu¬ 
sions have been found erroneous Pure allocholesterol (A 4 ) was prepared 
for the first time by Srhoenheiincr and Evans, J. Biol. Chcm., 114, 567 
(1936), by application of the general method of Meerwein and R. 
Schmidt, Ann., 444, 221 (1925), for the reduction of a,/?-unsaturated 
ketones to the corresponding unsaturated alcohols. Cholestcnonc, 
reduced at the carbonyl group with aluminum isopropvlate, gave a 
mixture of the cpimerir unsaturated alcohols, allocholesterol (m.p. 132°) 
and eptaffocholesterol (mp 84°) The stereoisomers form a molecular 
compound which is not altered on repeated crystallization, but a separa¬ 
tion ran be accomplished by precipitating the nllorholestrrol with digi¬ 
tonin. The pure sterol recovered by the pyridine-ether method (p. 119) 
differed in properties from Windaus’ “allocholesterol,” and the latter 
substance was found on further investigation to be a mixture of 
allocholesterol and rholesterol. Pure allorholesterol does not rearrange to 
cholesterol in the presence of hydrochloric acid, but it does undergo dehy¬ 
dration to a hydrocarbon. The cholesterol obtained in the early experi¬ 
ments was thBt already present in the mixture, the dehydration of the 
isomeric sterol facilitating its isolation. In a later investigation Evans 
and Srhoenheimer, J. Biol. Chcm., 115, 17 (1936), showed that another 
supposed isomer known as “/3-cholesterol” is in reality a molecular com¬ 
pound containing equal parts of dihydrocholesterol and cpiallocholcsterol. 
The former substance is removed by precipitation with digitonin. 
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Both allocholesterol And epiallocholesterol suffer dehydration with 
remarkable ease, the reactions proceeding nearly quantitatively on reflux¬ 
ing for two hours solutions of the sterols in 95 °/o alcohol approximately 
2V/30 in hydrogen chloride. The theoretical significance of the reaction 
is discussed on page 282, at least for the case of the epi-compound which 
alone was mentioned in the first account of the work. It now appears 
that the facile dehydration is characteristic of both a,/9-unsaturated 
alcohols, regardless of the spatial arrangement of the hydroxyl group. 
The same substance, a doubly unsaturated hydrocarbon melting at 79° 
and giving a positive Rosrnhcim reaction, is formed in each case. Schoen- 
heimer and Evans ascribe to the hydrocarbon the A 3>4 -structurc indicated 
in formula XIX, p. 282, but this appears inconsistent with the absorption 
spectrum of the compound, which showB maxima at 229, 235, and 240 mp. 
The selective absorption, like the color reaction, shows that the two 
double bonds arc conjugated, but if they were contained in the same ring 
there should be a greater resemblance to the hydrocarbons crgostntricne 
(AM.b) an d 7-dchydrncholcslcnc, which show maxima at longer wave¬ 
lengths (273, 280 mfi). The spectrum of the hydrocarbon in question 
is indicative rather of a conjugated system distributed between two rings 
(sue the work of Callow, p 374). Consequently it is suggested that the 
hydrocarbon has the A^-structure and that it is formed by the 1,4-elim¬ 
ination of water from the unsaturated alrohol: 

—OH(on)cn—ecu.- ~‘ 1 * 1 > -nr-cnc— ch— 

J 4ii a I I ■ 

The hydrocarbon of Sehoenheiincr and Evans resembles chnlestery- 
lene, m.p. 78-79°, bill it appears to be an isomer of this compound. Clio- 
lcsterylene, was first described by Mauthner and Suida, jl lonalfth, 17, 29 
(1896), and iH prepared by dehydrating cholesterol with anhydrous copper 
sulfate nt 200° or by heating cholestervl rhnride with quinoline. It shows 
selective absorption in the ultraviolet region with maxima at 294, 304, and 
321 mfi [Heilbron, R. A. Morton and Hcxion, J. Chcm. R or., 47 (1928)1- 
In analogy with ergostatriene and 7-dehydrncholcstene, it seems likely 
that the double bonds of rhnleslerylene arc lnrated in a single ring, 
possibly at the 2,3- and 4,5-pnsitions. The dehydration at an elevated 
temperature would then involve the elimination of the hydroxyl group 
with a Ca-hydrogen atom, and migration of the C- r C n double linkage 
to a position of conjugation in ring A. 

fjucholesterol is a second isomer of the natural sterol which has been 
characterized recently. The compound (m.p. 141°) was prepared by 
Marker, Oakwood and Crooks, J. Am. Chem. Sor., 58, 481 (1936), by 
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passing oxygen into a solution of the Grignard reagent obtained from 
cholesteryl chloride. This gave a mixture of cpicholesterol and cholesterol, 
from which the cholesterol was removed by precipitation with digitonin. 
For the preparation of the new sterol in quantity a partial separation is 
made by crystallization of the acetates, giving a product containing 80- 
90% of cpicholesterol, and the remaining cholesterol is removed by 
crystallization of the benzoates [Marker, 0. Kamm, Oakwood and Lau- 
ciuH, ibid., 58, 1948 (1936)]. Bpj'cholesterol was obtained in still another 
way by Marker, 0. Kamm, Fleming, Popkin and Wittle, J. Am. Chem. 
Roc., Paper X, in press. On oxidation with chromic anhydride, cholesteryl 
chloride gave 7-kelocholostcryl chloride, the latter was converted by 
potassium acetate in part into 7 L ketocpicholesterol as the acetate, and 
reduction by the Wolff-Kishner method afforded cpicholesterol. Ruzicka 
and Goldberg, Helv. ('him. Ac.ta, 19,1407 (1936), found that cpicholesterol 
is formed along with cholesterol on partially hydrogenating A R -choles- 
tenone in the presencr of Raney-nickel catalyst. A separation is accom¬ 
plished as above, anil the process aflFords a convenient method of pre¬ 
paring the cpimer. 

Marker and co-workcrR found that when cpicholesterol is heated for 
sixteen hours in an alcoholic solution which is about 1 N in hydrogen 
chloride the substance is at least pnrtiallv dehydrated to cholesterylenc. 
The conditions are considerably more drastic than those under which the 
allo-compounds can be dehydrated, and it is questionable whether epimer- 
ization of the hydroxyl group has an appreciable influence on the ease of 
reaction. 

Isomeric ethers mid aretates of cholesterol have been investigated 
with interesting results. Stoll, Z. physiol . Chem., 207, 147 (1932), 
observed thnt when cholesteryl p-tolucnc sulfonate is boiled with 
methanol it is converted into a methyl ether (m.p. 84°) which, Bince it 
is levorotatory like cholesterol, mny bo called the normal ether. Stoll 
discovered, however, that when the reaction is carried out in the presence 
of potassium acetate the product is an ihomeric, dextrorotatory, abnormal 
ether, m.p. 79°. Other alcohols gave similar pairs of isomers. Similarly, 
Wagner-Jauregg and L. Werner, ibid., 213, 119 (1932), found that choles- 
teryl chloride or bromide yields the normal ether when heated with 
methanol alone at 125°, but gives the abnormal ether in the presence of 
potassium acetate. They further found that the abnormal ether is con¬ 
verted into the normal compound when it is heated with hydrogen chloride 
and methanol, and they suggested that in the formation of ethers from 
cholesteryl halides or from the p-toluenesulfonatc the abnormal ether is 
the primary product under all conditions and subsequently rearranges 
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to the normal ether under the influence of liberated acid unless this is 
neutralised by potassium acetate. While Stoll was of the opinion that 
the abnormal ether is an rpt-compound, this conclusion Beemed question¬ 
able to Wagner-Jauregg and Werner, for on hydrogenating the compound 
they found that although the reaction did not proceed smoothly, a small 
amount of normal dihydrorholestcryl methyl ether could be isolated. 

More recently Beynon, Hcilbron and Spring, J. Chem. Soc., 907 
(1936), studied the hydrolysis of the two series of rholeBteryl ethers with 
the idea that the abnormal ethers might be derivatives of epfcholesterol 
and might provide a convenient route to this sterol. They found that 
whereas the normal ethers do not react with halogen acids in acetic acid 
solutiou at room temperature the abnormal ctlicrB are converted easily 
under these conditions into the normal cholcbteryl halide (chloride, brom¬ 
ide, or iodide). The English investigators provisionally regarded the 
isomers which are subject to this facile replacement of the nlkoxyl group 
as ethers of cpi'cholesterol. The inference, however, is far from secure 
and it appears particularly questionable in the light of the observations 
of Wallis, Fcrnholz and Gcphart, J. Am. Chem. Soc., 59, 137 (1937), con- 
ceming an isomer of cholesteryl acetate which was obtained by the action 
of anhydrous potasbium acetate on cholesteryl p-toluenesulfonate in acetic 
anhydride solution. Like the abnormal ethers, the new acetate is dex¬ 
trorotatory, and on hydrolysis it yields an isomer of cholesterol, i-cho- 
lesterol (m.p. 74-75°), which is quite different from the epimer of the 
natural 6terol and from the other two isomers described above. i-Cho- 
lesteryl acetate doc*, not reart with perbenzoir acid or with bromine and 
shows considerable stability to catalytic hydrogenation, although under 
special conditions of hydrogenation in glarial acetic acid with Adams’ 
ratalyst it yields the normul dihydrorholestcryl acetate. From these 
observations, Wallis, Femholz and Gepluirt conclude that the acetolyBis 
of cholesteryl p-toluenesulfonate is arronipunied by a molecular re¬ 
arrangement, and that a rearrangement in the reverse direction ocrurs in 
the hydrogenation reaction. They suggest that the rearrangement may 
be of the type rominnnlv encountered in terpene rhemistry and that 
f-rholesterol may contnin, in place of a double linkage, a bridge bond 
extending fiom C\ to 0-,, with the hydroxyl group situated at Co. 
Because of the evident analogies, they suggest that the abnormal ethers 
of Stoll may be of the same type. 

Sterols of Lower Animals (pp. 121-122). A further indiration that 
lower animal organisms utilize sterols derived from their food, rather 
than synthesize cholesterol, is furnished by the work of Klenk and Die- 
hold, Z. physiol. Chem., 236,141 (1935), who isolated from sea anemone 
(Anemonin sulcata) a new 6tcrol of the composition C27H44O. This 
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substance, to which the name actinia sterol has been given, is doubly 
unsaturated and possibly is a dehydrogenation product of cholesterol 
derived by the anemone (carniverous) from the food. The case is paral¬ 
lel to that of the doubly unsaturated oestriasterol, which appears to be 
produced in the oyster from a phytosterol of the diet. 

Sterols in Bacteria (uddition to p. 122). A number of attempts have 
been made to determine if sterols are present in barteria or only in more 
highly organized forms of life, such ns yeast, and the conclusion usually 
has been in the negative Although Hcrht, Z. physiol. Chem., 231, 29, 
279 (1935), reported the detection of sterols in tubercular bacilli, it 
appears from the observations of II J. Anderson, Schoenhcimer, Crowder 
and Stodola, ibid., 237, 40 (1935), that all sources of contamination were 
not eliminated. In more recent work, however, Sifferd and R. J. Ander¬ 
son, ibid., 239,270 (1936), isolated from the unsaponiliablc portion of the 
fat of Azotobacter rhrodcomim, which had been cultivated on a scrupu¬ 
lously pure medium containing sterol-free glucose as the only organic 
constituent, a Bubstnnce definitely characterized as a mixture of sterols 
(m.p. 156-158°). The substance constituted no less thnn 0.13% of the 
fat and the rolor reaction* resembled those of eholosternl. The evidence 
clearly indicates that the organism in question is capable of effecting a 
sterol synthesis from sterol-free food. 

Fucosterol (p. 122). Coffey, Heilhron and Spring, J. Chem. Soc., 
738 (1936), confirmed the identity of furnstauol and stigmastanol and 
established the presence of a double bond at C-,-C n in a-dihydrofu- 
costerol, one of two dihvdrn derivatives obtained by the hydrogenation of 
fucosteryl acetate 

Unsaturated Bile Acids (p. 124) The dehydration of most of the 
known hydroxycholanic acids theoretically ran proceed in two directions, 
giving rise to a mixture of isomeric cholenic arids. Wicland, Kraus, 
Keller and Ottawa, Z. physiol. Chem., 241, 47 (1936), found that mix¬ 
tures indeed result on the thrrmnl dehydration of the 3-, 6-, and 
7-hydroxy acids, and they undertook the isolation of the components of 
these mixtures as pure individuals through the dibromides. In charac¬ 
terizing the products, use was made of the reaction with selenium dioxide, 
a reagent which, when shaken with a solution of a cholenic Brid in chloro¬ 
form and nretic anhydride, was found to bring about the transformation 
of >C=CHCHs— into >0—CHCH(OH)—. Apparently the reagent 
sometimes acts in a different manner when employed in aqueous alcoholic 

II II 

solution (p. 373), for >CHC=CCII< is converted into >C=C—C 
=C< in the aqueous solvent but remains unchanged when the experiment 
is conducted under anhydrous conditions (see also p. 369). In rhloro- 
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form-acetic anhydride solution, the occurrence of a reaction was regarded 
as a good indication of the presence of an activated methylene group, 
but unfortunately the structure of the resulting hydroxy compound 
does not follow without question, for by an allylic shift the system 
>C=CHCH(OH)— may change to >C(OH)CH=CH— in the course 
of the reaction. Hydrogenation, resulting in the formation of cholanic 
acid, aUocholanic acid, or both, afforded a means of recognizing a double 
bond extending to the 5-position. 

From the results of the investigation, Wieland come to the following, 
necessarily qualified, ennrluhioiiH. Lithorhnlir arid on dehydration yields 
chiefly A 3 -rholcnic acid, along with some of the A 3 -isomer. The elimina¬ 
tion of water from 6-hydroxynIZnehulanie acid gave A 3 -cholcnic acid as 
the chief product, along with some of the A # -acid, while 7-hydroxy- 
cholanic acid yielded a mixture of A*- and A 7 -cholenic acids in which the 
former predominated. From desoxychulir acid there was obtained as the 
chief product a substance whirh probably is A 3 ' u -choladicnic acid. 

In the course or the work attempts were made to aromatize either 
ring A or ring B by the pyTolysis of the hydroxyeholenic acids obtained 
in the oxidations with selenium dioxide. Theoretically such a reaction 
might occur, with the elimination of water and methane, but the results 
were entirely negative. The angular methyl group at Cio evidently 
renders the aromatization very difficult (see p. 254). 

Determination of Bile Acids (p. 125). Doubilrt, J. Biol. Chem., 114, 
28B (1936), developed methods for the analysis of bile for glyco- and 
tauro-bile acids, for total and conjugated bile acids, and for cholic and 
desoxyrholir acids. Tn n typical case, bile from a human gall bladder 
was found to contain 7.6% of total bile acids, of which 3.3% was cholir 
acid aud 4.3% desoxycholic acid. Of the total acids 20% was found 
to orcur free, 4G% was conjugated with glycine, and 34% was conjugated 
with taurine. 

Ursodesoxycholic Acid fp. 126). Iwusaki, Z. physiol. Chem., 244,181 
(1936), found the supposed "ursoeholanic acid” 83 to be identical with 
cholanic arid and proved that ursodesoxycholic acid has the same structure 
bs chenodesoxycholic acid and differs from this substance only in the con¬ 
figuration at (\ 

Acids from Toad Bile (p. 128). Shimizu and Oda 8D oxidized trihy- 
droxybufosteroeholenic arid to a triketo acid and eliminated the oxygen 
atomR by reduction according to Cleminensen. The resulting bufostero- 
cholcnic acid formed a bromoloctone on reaction with bromine, suggest¬ 
ing that the double bond is located in the side chain, probably in the fi,f- 
or t, 8-position. Shimizu and Kazuno, Z. physiol. Chem., 239, 74 (1936), 
carried the investigation a step further by oxidizing bufostcrocholenic 
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acid with ozone or with chromic anhydride. The chief product of the 
reaction was identified a? bisnorcholanic acid (p. 146), an observation 
which proves that the ring system is that of the other natural bile adds 
and that a double bond is located in the side chain at Cm-Cm, as in 
ergosterol. Shimizu and Kazuno suggest that the remainder of the side 
chain Bkclcton may also ronfonn to that of ergOBterol: — CH(CH S )CH 
— CHCH (CH S ) CH(CH 3 ) COaH. The three hydroxyl groups of the acid 
from toad bile were shown to be located at positions 3, 7, and 12 by the 
ozone oxidation of the acid to a tnliydroxybisnorcholanic acid identical 
with that obtained by the systematic degradation of cholic acid [Idem, 

ilnd., 244,167 (1036)] 

A second acid isolated by Shimizu and Kazuno, ibid., 239, 67 (1936), 
from tile winter bile of the toad is given the name trihydroxyisostero- 
cholenic acid (m.p. 227°) and regarded as an isomer of trihydroxybu- 
fosterocholenir arid of the formulu (VH 40 O 3 . The two acids yield dif¬ 
ferent Rnturuted acids 011 removal of the hydroxyl groups and hydro¬ 
genation. 

Acids from Rabbit Bile (p. 128). From this source Kishi, Z. physiol, 
('hem, 238, 210 (1936), isolated lithorholie acid and two new isomers 
of desoxyrholic acid ((’.>,HiuOj). One of those substances, u-lagodesoxy- 
cholic acid I fir. Ingot,, Imre), nip 156-157'', yielded a hydroxyl-free 
saturated arid identified as cholanir arid, and on oxidation it was con¬ 
verted into dchydrodcsoxvcholir acid (3,12-dikefocholanic acid). The 
new acid therefore conforms to desoxyrholic arid in the location of the 
hydroxyl groups and in the configuration of the ring system, and it must 
differ from this compound only in the sterir arrangement of one or both 
of the hydroxyl groups. As the substance resembles the other bile acids 
in not being precipitated by digitonin, the configuration at Cj probably 
is the same as in desoxycholic nrid (epi) while that at C 12 is different. 
It is very interesting that this subtle difference apparently renders the 
new acid incapable of sharing with dpsoxycholie acid the Rpcrifir prop¬ 
erty of forming choleic acids (p. 129). 

The second new substance /Magodesoxycholic acid (m.p. 213 s ), yields 
on oxidation an acid not identical with the known 3,12-, 3,7-, or 7,12- 
diketo acids and the structure is still unknown. 

New Acid from Oz Bile (p. 128). In continuing the systematic 
working of large quantities of ox bile, Wicland and Hankc, Z. physiol. 
Chern., 241, 93 (1936), isolated a substance of exceedingly weak acidity, 
to whirh the provisional formula C^H^On is assigned. The new com¬ 
pound rlearly is of a type quite different from the cholanic arid deriva¬ 
tives and it shows a marked similarity to the acidic triterpenoid sapo- 
genins (pp. 318-321). For this reason it is named sapocholic acid. A 
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particularly close resemblance was noted to pyroquinovic acid (C n H M Oi), 
a decarboxylation product of the dibasic quinovic acid (p. 424). Like 
the sapogenins, saporholic acid forms a water-insoluble sodium salt, it 
yields a bromo lactone (v, 8-unsaturated acid group), and the ester, pre¬ 
pared with tiie use of diazomethane, is very resistant to hydrolysis. 

Bile of the Alligator Turtle (p. 128). Yamasaki and Yuuki, Z. physiol. 
Chem., 244, 173 (1936), isolated from this source a trihydroxysterocholanic 
acid lactone (C 2 t or C 3H ) and a tetrahydroxy lactone (Css or C*#). 

"Choleic Acid Principle” (p. 131). A further indication that molecu¬ 
lar compound formation playB no part in the intestinal digestion of fats 
or in the transportation of cholesterol in the bile is furnished by thr work 
of Cortese and Bauman, J. Biol. Chem., 113, 779 (1936). These investi¬ 
gators prepared pure glycodesoxyeholir arid by a process similar to that 
employed for the synthetic conjugation of cholic acid and glycine (p. 125) 
nnd found that the conjugated acid, unlike drsuxychohc acid itself, does 
not form true roordinutivc romplexes with fatty acids. Substances 
described in the literature us more or less stable "glycorliolric acids” 
are regarded by CorteBc and Bauman as impure specimens of the conju¬ 
gated arid. In the rourRe of the work it was noted tliut drsoxvcholir 
acid loses its power to form choleic acids when the hydroxyl groups arc 
fomiylated or when the acid is cstcrified. 

Choleic Acids (p. 132). Marx and Snhotka, J. Ory. Chrm., 1, 275 
(1936), prepared the tetra-choleir acid of anthracene in alcohol-benzene 
solution. The cis-trans isomers oleic acid and elaidic acid have the same 
coordination number (8) as stearic acid. Colored choleic arids were pre¬ 
pared from certain colored diketones. 

Apocholic Acid and Dihydroxycholenic Acid (p. 132). From the 
results of a study of the action of Helcnium dioxide in aqueous alcohol 
on apocholic acid and in analogy with the behavior of the isomeric 
ergostenols (p. 371), ('allow, J. ('h<m Noe., 462 (1936), concluded that 
the formulas ascribed to the unsnturated acids, derived from cholic acid 
require revision. 

Callow considers thnt in 3,12-dihydroxycholenic acid the double bond 
probably is located at Ch-Ck, in ring 1). This affords a satisfactory 
interpretation of the oxidative degradation observed by Wicland and 
Dane," and it accords better with the observation that the acid is sus¬ 
ceptible to hydrogenation. In analogy with 0-ergostenoI, it would be 
expected that an acid having the A 7i "-constitution originally attributed 
to dihydroxycholenic acid would undergo isomerization (to apocholic 
acid) and not hydrogenation. Apocholic acid, according to Callow, is 
a A Bil4 -compound similar to a-ergostcnol, which likewise iB resistant to 
hydrogenation. The intereonversion of apocholic acid and dihydroxy- 
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choleric acid (probably an equilibrium) is assumed to involve the migra¬ 
tion of the double bond between adjacent positions in rings C and D, 
and the inert character of this linkage in the case of apocholic acid is 
attributed to its situation between quaternary carbon atoms (8,14). 
Wieland, Dietz and Ottawa, Z. physiol. Chem., 244,194 (1936), share this 
view of the structures. 

The formula suggested for apocholic acid ta supported by the results 
of a study of the further dehydrogenation of this Rubstancc with per- 
benzoic acid and with selenium dioxide. Isomeric dikydroxycholadienic 
arids were obtained. The relationships between these substances and 
their properties, together with the structures which Callow has escribed 
to them, are as follows: 


a-Aporholir wida-Ditmlroxycholadirnir acid 

4:8,14 | ' H,,i*d A:7,K;14,15 Abn. max. 240-250 mji 

0-Apocholic arid <— - 0-Dihydroxycholadionir arid 

A:8,14 A^,8;14,15J Aba. max. 249 mp 

The type of absorption spectrum exhibited by the doubly unsaturated 
acids is characteristic of compounds having two conjugated double bonds 
distributed between two rings (compare the isomers ot ergostcrul, p. 374. 
It is of interest that a substance obtained by the action of alcoholic 
potassium hydroxide on 5,6-dibromocholanir acid and assigned the struc¬ 
ture of A 4 ’°-choladienic acid conforms to the same rule and exhibits an 
absorption maximum at about 235 in// [Wieland and co-wnrkcrs, Z. 
physiol Chem., 241, 47 (1936)]. 0-Apocholic acid appears to be a 
stereoisomer of ordinary (a-) apocholic acid and to differ from this sub¬ 
stance only in the configuration at the asymmetric center C D . Like the 
a-acid| 0-apocholic acid forms stable molecular compounds with acetic 
acid and with xylene. 

Partial Synthesis of Sterol Derivatives from Bile Acids (p. 136). 
Employing the method of Wieland and Jacobi, 1,4 who succeeded in pre¬ 
paring coprostane from rholanir arid by a series of reactions beginning 
with the condensation of the ester of the bile arid with isopropylmag- 
nesium bromide, Reindel and Niederliinder, Ann., 522, 218 (1936), 
attempted to prepare a C 2 7 -sterol (cpicoprnstanoll from lithocholic acid. 
They were unable, however, to effect the reduction of an intermediate 
ketone, 3-epihydroxycoprostanone-24. Sterols with shorter side chains 
were obtained without difficulty. Using a variation of the general Grig- 
nard synthesis, Femholz, Ber., 69, 1792 (1936), prepared from cholanic 
acid a substance having the carbon skeleton of pseudoergostane and 
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apparently consisting in large part at least of the parent hydrocarbon 
from ergosterol. 

Lithocholic Acid from Cholesterol (addition to p. 157). The prepa¬ 
ration of a natural bile acid from cholesterol was accomplished for the 
first time by Schoenheimcr and Berliner, J. Biol. Chem., 115, 19 (1936), 
the actual starting material being 3-hydroxy-A B -cholcnic arid, a sub¬ 
stance obtained as a by-product in the preparation of dehydroisoandro- 
sterone as described on page 234 (sec also p. 393). This was oxidized 
to 3-keto-A 4 -cholenic acid, which on hydrogenation (as the rater) gave 
a mixture of lithocholic acid and j3-3-hydi'oxya2Iorliolanic acid (p. 170). 
The mixture waB separated by precipitating the latter compound (as the 
ester) with digitonin. Lithocholic acid is an rpi-compound and is non- 
precipitable (p. 231). 

Ruzicka’s Hydrocarbon “C 2 iHki” (p. 158). The hydrocarbon, m.p. 
275°, which lluzicka 44,47 isolated as one product of the dehydrogenation 
of cholic acid at 360°, lias been identified as 5-metliyl-2',l'-naphtho-l, 
2-fluorene by Barlnnann, Cook, Hcwctt nnd Tball, J. Chrm. Roc., 54 
(1936). Cook and co-workers 150 had been led to suspect thiR type of 
structure from spectroscopic studies, and their suggested revision of the 
formula to C^Hm was supported by X-ray crystullugraphir evidence. 82 
In the work cited, five methylnapthnfluoreiies were synthesized for com¬ 
parison (Bogert-Cook method) and the 5-isomcr was found to be identical 
with Ruzicka’s hydrocarbon. The structure of the compound corresponds 
to that illustrated in formula II, p. 166, except that the isopropyl group 
is not present. The low temperature dehydrogenation involves a simple 
cyclization of the cholic acid side chain nt the 16-position without dis¬ 
turbance of any of the carbon atoms other than those of the angular 
methyl groups. 

Dehydrogenation of Hydrindenes (p. 159). Nenitzescu and Cior- 
anescu, Ber., 69, 1040 (1936), obtained small amounts of naphthalene on 
passing 1-methylhydrindenc and its hexahydro derivative over palladium 
charcoal at 310-350°, that is, nt a temperature considerably below that 
at which Ruzicka and Peycr 48 observed a reaction. That ring-enlarge¬ 
ment can occur under such mild conditions emphasizes the uncertainty 
in structural evidence based solely upon the results of dehydrogenation. 
The reaction affords some analogy for the conversion of sterol derivatives 
into chrysene. 

Formation of Spirans (p. 162). E. Bcrgmann and Blum-Bcrgmnnn, 
J. Am. Chem. Soc., 58, 1678 (1936), encountered Bpirans and their 
rearrangement products in the synthesis of cyclopentenotriphenylcne by 
the Bogert-Cook method. 
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The Diels Hydrocarbon (p. 165). In a further Btudy, Hillemann, 
Ber., 69, 2610 (1936), reported that the highly purified compound (126- 
127°) is not fluorescent. 

Mechanism of Dehydrogenation (p. 166). In order to test the theory 
that the migration of the methyl group at C u has nothing to do with the 
process of dehydrogenation but is due to the pyrolytic fission of the side 
chain at Cm E. Bcrgmann and F. Ber gin aim, Chemistry and Industry, 
55, 272 (1936) reinvestigated the thermal decomposition of cholesteryl 
chloride at 300° [Mauthncr and Suida, Monatsh., 17, 41 (1896); H. 
Fischer and Trcibs, Ann., 446, 241 (1926)]. The preliminary results 
support the above theory, for there was obtained a mobile distillate com¬ 
posed of octane and octenc, corresponding to the side chain, and a main 
fraction from the residue having the composition of a saturated hydro¬ 
carbon, CjbHsd, corresponding to the aetiocholane part of the molecule. 

The Methyl Group at Cm (p. 169). A rigid proof of this feature of 
the structure is provided by observations made in the investigation of the 
sex hormones, as summarised on pugc 387. 

Ergosterol, Absorption Spectrum (p. 173). From an examination of 
substances having the same arrangement of conjugated double bonds as 
ergosterol but larking the hydroxyl group, Dimroth and Trautmann, Ber., 
69, 669 (1936), found that the conjugated system of the Bterol alone is 
responsible for the characteristic absorption bands between 260 and 290 
m (i and that the hydroxyl group is without influence. The compounds 
examined, ergostntricne (A M> “) and 7-dchydrocholestene, exhibited 
the same type of spectrum ns ergosterol, showing maxima at approxi¬ 
mately 273 and 280 m/i. The first hydrorurbon was prepared by adding 
maleic anhydride to ergoBtcrol to protert the conjugated system, oxidizing 
the secondary hydroxyl group of the addition produrt, reducing the car¬ 
bonyl group by the Cleinmensen method, and eliminating maleic anhy¬ 
dride by vacuum distillation. 7-l)ehydrockolestcue was obtained from 7- 
hydroxycholestcne [Windaus, ibid., 53, 495 (1920)] by the method given 
on page 180 for the preparation of 7-dehydrocholcsterol. 

Ergostenols (addition to p. 176). By various direct and indirect 
methods ergosterol has been converted into three well-characterised, 
singly unsaturated alcohols known as a-, /?-, and f-crgostcnol. Since 
these isomerB differ considerably in their stability and in their deportment 
under hydrogenating conditions, it is a matter of considerable interest to 
be able to interpret the properties in terms of specific structures. ThiB 
problem has been Bolved in the case of /9-ergostenol, and the structures 
suggested for the other iBomcrB are supported by convincing, if not final, 
evidence. These structures are indicated in the accompanying chart, 
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which summarizes the methods by which the three crgostcnolB have been 
obtained. 

Er * 0Hterol 22 Dihydiwraoatrrol aiHionudJlo > 

&:5,B;7,8;22,23 A:5,6;7,8 

Na, ROTH Pd, lie) . lv , , . , Hi, Pd 

211 (to nucleus) ^ r/-DinydrocrgOStrrol 2H (to si do chain) ' 

4:8,14)22,23 


22-I)ihydruergosterul is prepared by pruterting the unsaturated Bys¬ 
tem by the addition of maleic anhydride and saturating the double bond 
in the side chain, as described on page 180, and it appears that the reduc¬ 
tion of tlie substanec with sodium and alcohol to y-crgostcnol involves 
the addition of hydrogen to the 5,6-position, leaving the 7,8-ethylcnic 
linkage undisturbed |Windaus and Longer, Ann., 508, 105 (1934)]. In 
the presence of platinum or palladium catalyst, y-ergostcnol fails to 
absorb hydrogen but is merely isomerized to a-ergostenol, a transforma¬ 
tion which is interpreted as involving a migration of the double bond 
from the 7,8- to the adjacent 8,14-position. a-Ergostenol cannot be 
hydrogenated under ordinary conditions and it is believed that the inert 
character of the double bond is due to its location between two cpiaternary 
carbon atoms, or bridge heads. A abort er route to a-ergostenol consists 
in the reduction of ergosterol with sodium and alcohol to a-dihydro- 
ergoHterol, followed by eutalyLic hydrogenation of the ethylenio linkage 
in the side chain [Reindel and E. Walter, Ann., 460, 214 (1928)]. In 
the course of the reactions il appears that a nuclear double bond migrates 
from 0^7-Os to Ok-Cu, ami since a-dihydrocrgostcrol can be obtained 
from ergn.sterul by catalytic hydrogenation [Hcilbron and Sexton, J. 
Chcm. aS or., 924 (1929) | as well as with sodium and alcohol, it is prob¬ 
able that the migration occurs in the first step and is not caused by the 
catalyst employed in the addition of the second mole of hydrogen. 

By the action of hydrochloric acid a-ergostenol is isomerized partially 
to the third compound, 0-crgostcnol [Reindel, E. Walter and Rauch, Ann., 
452, 34 (1927); Reindel and E. Walter, loc. rit.] Heilbrun and Wilkinson, 
J. Chcm. Roc., 1708 (1932)]. It is supposed that the isomerization con¬ 
sists in the migration of the double bond from C 8 -Ci 4 to the adjacent 
position C 14 -Ci R in ring D, probably by the addition and elimination of 
hydrogen chloride. The ^-compound is the only one of the isomers which 
iR easily hydrogenated. That the double bond of jS-crgostenol occupies 


j'-Ergoatenol 
4:7,8 


i 


u-Ergostcnol 

4:8,14 

HCl | 


'i i 


0-Ergostenol 

4:14,15 
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the position indicated has been established with certainty. Achtermann, 
Z. physiol Chcm 225, 141 (1934), ozonized the acetate (cleavage st 
Ci 4 “Cir,) and on pyrolysis of the product obtained a keto alcohol of the 
formula CiuHsuOg. Laudit, ibid., 237, 236 (1035), fully characterised 
this substance by converting it by dehydrogenation with selenium into 
2 -mcthylphennnthrenc, and he also isolated (as the scmicarbnznnc) the 
other fragment of the pyrolysis, an a^-unsaturated aldehyde, C 12 H 32 O. 
These products enn urine only from an initial ozonolysis between posi¬ 
tions 14 and 15. 

Tlie structures of a- and y-orgostcnol are not known with equal 
certainty. From the ready isomerizution from the 7 - to the a- to the 
/J-foriu it is inferred that at each step the double bond migrates to an 
adjacent position, progressing from ring 1) to ring G, and finally to ring D. 

It is of interest that on the introduction of a second nuclear double 
bond by treatment with perbenzoir acid, u-crgoslcnol |Windaus and 
Liittringhaus, Ann., 481, 119 (1930)] and 0 -crgoslcnnl [Morrison and 
Simpson, J . Chcm. Sor., 1710 (1932)] both yield the same compound, 
dehydrocrgostenol. The identical substance results from the isomeriza¬ 
tion of 22 -dihydruergosterol with gaseous hydrogen chloride [Windaus 
and Langcr, loc. cit. | Dehyilroergostenol was obtained by ('allow, J . 
('hem. Roc., 462 (1936), by the action of selenium dioxide on a-ergostenol. 
Considering the analogy with other dehydrogenation products, Callow 
suggested that the double bonds occupy the conjugated positions Ch-C 9 
and Ci 4 -(Y,. It is interesting that in aqueous alcoholic solution the action 
of selenium dioxide on sterols having one nuclear ethylcnir linkage 
results in the introduction of an additional double bond |see also Callow 
and BoRenheiiu, ibid., 387 (1933) |, the reaction apparently involving the 
1,4-elimination of two atoms of hydrogen. In the case of rrgosterol, 
dehydrogenation with selenium dioxide in aqueous alcoholic solution 
results in the extension of the conjugated system already present, the 
chief product being dehvdroergnsterol (p. 175). 

Isomers of Ergosterol (addition to p. 176). In the course of the 
work cited above, Callow and Rosenheim noted that a-dihydrocrgosterol 
is converted by selenium dioxide into crgosterol-I), an isomer of ergos- 
tcrol which had been obtained previously from the same starting material 
using mercuric acetate [Hcilbron, Johnstone and Spring, J. Chcm. Roc. f 
2248 (1929)1, anrl by the reduction of a ketone prepared by heating 
ergosterol with nickel catalyst at 220 ° [Windaus anil Auhngcn, Ann., 472, 
185 (1929)]. Callow I loc. cit.) suggested for crguslcrol-I) a formula 
similar to that assigned to dehydrocrgostenol, namely, with the nuclear 
double bonds at the 8,9- and 14,15-positions (and with a third ethylenic 
linkage in the side chain). This suggestion is based partly upon the fact 
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that ergosterol-D has an absorption maximum at 242 m/i, which is 
regarded as characteristic of compounds having two conjugated double 
bonds distributed between two rings. Ergostcrol-Ba, another wcll-charac- 
terised isomer whirh can br obtained (along with the B-, and Ba-com- 
pounds) by the isomerization of crgosterol with hydrogen chloride 
[Windaus, Dithmar, Murkc and Ruckfiill, Ann., 488, 91 (1931], is 
regarded by both Laurlit and Callow (loc. rif.) as having the bond 
structure A: 7,8; 14,15; 22,23. The sterol adds maleic anhydride. The 
suggested structure, indicating the presence of conjugated nuclear double 
bonds distributed between rings B and I), is consistent with the absorp¬ 
tion spectrum (maximum at 242 mp), which is similar to that of the 
isomer. The presence of two conjugated ethylcnir linkages in a single 
ring has an enhancing effect nnd the selective absorption occurs at a 
longer wave length. Hrgosterul, 22-dihydroergosterol, and 7-dehydro- 
cholesterol exhibit absorption maxima at about 280 mp. The marked 
differenre in the absorption spectra of compounds containing the two 
types of diene systems should he of great value in establishing the struc¬ 
tures of other unsaturated compounds. 

. Ergostcrol-D and ergosterol-B i are the most fully characterized of 
a large number of isomers of crgosterol wlnrh have been obtained by 
chemical means. The study of the chemical isomerization was under¬ 
taken at a time when it seemed possible to produce in this way substances 
of the type formed in the process of irradiation (p. 177 ff.1, and a number 
of methods were developed for effecting isomenzations (sec Windaus, 
Dithmar, Murke and Ruckfiill, lor. nl.). With the recognition that irradi¬ 
ation results in the opening of one of the original rings, this line of 
attack was abandoned. 

7-Dehydrocholesterol (p. 180). In an extensive study of the reac¬ 
tions of 7-dehydrocholesterol, Fr. Rrhcnrk, Buchholz and Wiese, Ber., 
69,2696 (1936), found the behavior of the substance practically identical 
with that of crgosterol. 7-Dehydrocholesterol was converted through a 
"pinacol” to a substance (norsterol) analogous to neoergostcrol; it was 
transformed into a peroxide, a maleic anhydride addition product, 
isomeric cholesterols, and into a series of isomers, using the standard 
methods developed for crgosterol. Fr. Rchenck, 1. physiol. Chem., 243, 
119 (1936), investigating the preparative method, isolated a by-product 
in the conversion of cholesteryl acetate into 7-ketocholesteryl acetate (I) 
and identified the substance as 3,5-diacctoxyrholcstanone-6. 

Quantitative Microhydrogenation (p. 183). Improved forms of 
apparatus are described by Jackson and B. N. Jones, J. Chem. 8oe., 895 
(1936), ZechmciBter and v. Cliolnoky, Chem. Zty,, 60, 655 (1936), and 
Mayeda, J. Pharm. Hoc, Japan, 56, 511 (1936). 
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Dihydrovitamin D* (p. 184). The dihydro derivative reaulting from 
the reduction of vitamin D a with sodium and propyl alcohol has been 
found by v. Rcichel and Deppe, Z. physiol. Chem., 239, 143 (1936), to 
yield a crystalline trioxide on reaction with perbenzoic acid. A study 
of the further oxidatiou of the substance with chromic anhydride furnished 
evidence that one oxidic linkage is located at Csa-C M and another at 
C.-,-Cin. This accounts for all but one of the double bonds of dihydro* 
vitamin Dj, and since the substance docs not add maleic anhydride and 
exhibits no selective absorption in the ultraviolet region the third ethy- 
lenic linkage evidently does not occupy a position of conjugation and 
probably is at (V C«, corresponding to one of the original centers of 
unsaturation in vitamin D 2 (formula VI, p. 185). It appears, therefore, 
that the reduction with sodium and alcohol consists in the addition of 
hydrogen at t\j and Cm, that is, at the ends of a 1,4-ronjugated system. 

Lumisterol (p. 184). Although the evidence is not entirely complete, 
there arc strung indications that luiuistcrol differs from crgostcrol not in 
the positions of the double bonds or in the spatial arrangement of the 
hydroxyl group at C,i hut in the configuration at the asymmetric center 
C J0 carrying the angular methyl group. That the nuclear ethylcnic link¬ 
ages are conjugated is shown perhaps most dearly by the observation of 
Hcilbron, Spring and Stewart 51 that an additional double bond can be 
introduced by the action of inerruric acetate. It lias been shown, more¬ 
over, by Dimroth, flrr., 69, 1123 (19361, that the resulting dchydrolumi- 
sterol has the same characteristic absorption spectrum, indicative of three 
conjugated double bonds, as dehydroergnstcrol (p. 175). If lumisterol 
contains a conjugated system, the character of the triol obtained by 
Heilbron, Spring and Stewart, and of a Htcreoisomeric triol studied by 
Dimroth, locates this system as extending from 0,-. to C h , exactly as in 
the case of crgostcrol. The fact that lumisterol fails to form an insoluble 
digitonide would suggest (us stated on page 186) that this photoisomcride 
differs from crgostcrol only in an cpimerie arrangement of the hydroxyl 
group. If this were the rate both sterols should yield the same unsatur¬ 
ated hydrocarbon on dehydration, but Heilbron, Spring and Stewart found 
that they yield different products. 

For these reasons, Dimroth considers that lumisterol must have the 
same structure and the same configuration at C* as ergostcrol. The 
change produced on irradiation must consist in a stcric inversion at some 
center other than C n , and most probably at a position coming under the 
activating influence of the light-absorbing conjugated system. Carbon 
atoms 9 and 10 are the most likely centers, since they are adjacent to 
double bonds, and since they are known to be involved in the ultimate 
rupture of the tetracyclic system. A further inference can be drawn 



376 


STEROLS AND BILE ACIDS 


from the consideration that on the basis of the evidence available dehy- 
drolumistcrol very probably has the same structure as dchydroergosterol 
(see formula, p. 175). Since in these compounds there is no longer a 
center of asymmetry at C 0 , they must differ only in the configuration at 
Cm< It is inferred that lumistcrol differs from ergostcrol in this same 
respect. 

Further observations of Dimroth lend weight to this view. Dehydro- 
ergosterol, he found, yields a perhydro derivative different from lumi- 
stanol, the hydrogenation product of luinisterol. Since carbon atom 10 
retains its asymmetry throughout the changes involved, while the center 
C B becomes unsaturated in the former process and hence available for 
steric inversion in the hydrogenation, lumislanol and perhydrodehydro- 
lumistcrol can differ only in the configuration at CV Since neither sub¬ 
stance is identical with ergostanol, they must differ from this compound 
in the configuration at the alternate center Cm, in conformity with the 
conclusion reached above. 

Dimroth also made the striking discovery that pcrhydrorlehydrnlunii- 
sterol is identical witli the perhydro derivative of pvrocalriferol. Tt is 
significant that the re-formation of the tetracyclic system involves the 
rlosing of a ring bctwrrn the carbon atoms (9 anil 10) assumed above to 
be involved in the first stage of the process of phutnisomcrism. Ring 
closure could result in configurations at C D and Cm different from the 
original ones. Tt appears frum Dimroth's observation that the arrange¬ 
ment of the methyl group of pvrocalriferol is the same as in luinisterol, 
and it also is evident that no sterie inversions orrur in other parts of the 
rnolerulc in the transformation of luinisterol through tachyslrrol to 
Vitamin D 2 . 

It is now evident that the assumption of an epimeric arrangement of 
the hydroxyl group of lumisterol and of the other isomeridoR of the series, 
based on the failure of these substanres to give insoluble digiionides, is 
inrorrect. Dimroth considers that the compounds all have the normal 
arrangement at C* of crgnstcrnl ami that the inability to combine with 
digitonin may be due to the abnormal spatial arrangement of the methyl 
group at Cm- 

Vitamin D 2 or Calciferol (p. 185). Heilbron, R. N. Jones, Ramant 
and Spring, J. Cham . Soc., 905 (1936), confirmed the structure VIII for 
the aldehydie oxidation product hv further analyses and by the observa¬ 
tion that the absorption Rpeetrum of the semiearbaznne is that of an a, 
jd-unsaturated compound. They further investigated the ozonolysis of 
vitamin D 2 (calciferol) and isolated as one product a koto acid 
(CmH 2 iiO n ) which must result from the fission of the molecule at the 
Ct-Cb and the C 2 2 -C a3 ethylcnic linkages. This can only be represented 
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by a formula similar to X but having the side chain —CH(C>H h )CO*H. 
As a second product of ozonolysis, formaldehyde was isolated and charac¬ 
terized as the dimedon derivative (the condensation product with two 
molecules of dimethyldiliydrorcsoreinnl), This establishes the presence 
of an exoeyelie methylene group, as postulated by AVindaus and Thiele HB 
(formula VI), and removes any uncertainty in the evidence adduced by 
these investigators arising from the possibility of n rearrangement in the 
course of the Diols-Alder condensation or during the drastic pyrogenic 
reaction. The observations of the English investigators were further 
confirmed and extended by AVindaus and AV. (Ininilmann, Ann., 524, 295 
(1936), who isolated as oxidation products of vitamin D 2 the aldehyde 
C 21 H 34 O, the keto and OhHjoOi, and an unsaturated ketone fCuHasO) 
which on hydrogenation yielded the ketone X (p. 185) of Windaus and 
Thiele. Windaus anil Onindinann also obtained 20 ^ of the theoretical 
amount of formic acid in the permanganate oxidation of vitnmin I) 2p 
and about 30^ of the euleuluted amount of formaldehyde was obtained 
using ozone. Since ergostcrol under similar conditions gives a few per 
cent of formic acid and a trace of foiinaldebvde, even though it contains 
no methylene group, Windaus regards the isolation of the other oxidation 
products as providing the most secure indication of the structure. 

With the body of evidence now available the structure of the active 
irradiation product of ergostcrol is clearly established in all details. In 
the light of Dimroth’s work on luiiusterol (p. 375), the formula for 
vitamin D 2 reproduced on pages 184 and 185 should he revised to indicate 
that the substnnre has the normal configuration at (\ and is not an ep?- 
compound. 

Vitamin D (p. 186) Since the publication of the first edition the nature 
of the antirachitic principle of fish liver oils finally has been established 
beyond question as the result of further chemical and biologiral investiga¬ 
tions of the problem. At the time of the previous review vitamin D a 
(calciferol), the active product of the irradiation of ergostcrol, had been 
well characterized as to structure, and it was recognized that the sub¬ 
stance probably is not identical with natural vitamin 1 ) but is a good 
substitute for it. Aetive substances differing from vitamin Da only in 
relatively minor features of structure had been obtained also by the 
irradiation of 22 -dihydroergostcroI and of 7-dehydrorholesteroI. Since 
these substances, of at least qualitatively similar biologiral actions, 
resemble one another closely in their strurtures and absorption spectra, it 
seemed likely that the antirachitic agent found in natural sources also is 
of the same general type. On the other hand, the optical properties noted 
for purified vitamin I) concentrates seemed to indicate a striking dis- 
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parity between the natural vitamin and the antirachitically active sub¬ 
stances prepared from sterolB (p, 179). 

Attempts to identify natural vitamin D by comparing the biological 
actions of fish liver oils with those of known irradiation products were 
undertaken at an early date and, thanks to the efficacy of a special method 
of comparison, considerable progress was made. The method depends 
upon the fart that two substances of qualitatively similar physiological 
actions may differ appreciably in their relative potency when admin¬ 
istered to different types of animalR. Massengalc and Nussmeier, J. 
Biol. Chem., 87, 423 (1930), were the first to compare vitamin D from 
cod liver oil with irradiated ergosterol by this method, and they found 
that, on the same rat-unit basis, irradiated ergosterol has less antirachitic 
effect than cod liver oil when tested on chicks. The conclusion that 
vitamin D and Do arc not identical was confirmed by Steenbock, Kletzien 
and Halpin, ibid., 97, 249 (1932), and by others. Similarly, Waddell, 
ibid., 105, 711 (1934), observed that irradiated crude cholesterol is more 
effective in preventing rickets in chirks than an equivalent number of rat 
units of irradiated ergnsterol [see also Dols, Z. Vitaminfonrh., 5, 161 
(1936)]. F. C. Koch, E. M. Koch and RaginR, J. Biol. Chem., 85, 141 
(1929), found that cholesterol which lias been purified through the 
dibromide shows increased aetivutability after it ha« been heated at 200° 
with traces of oxygen, and on comparing the rat and chick units Hath¬ 
away and Lobb, ibid., 113, 105 (193G), and Hnmnn and Steenbork, ibid., 
114, 505 (1936), found that irradiated heat-treated cholesterol contains 
a vitamin resembling that of liver oils more closely than irradiated 
ergostrrol does. [Studies of the chcinira] activation of cholesterol ore 
reviewed by Yoder, ibid., 116, 71 (1936). This line of work was initiated 
by the observation of Bills, ibid., 67, 753 (1926), that a weak antirachitic 
artivation can be accomplished hv treatment of rliolestcrol with the 
fuller’s earth, floridin.] 

The biological studies had reached a point where it appeared profit¬ 
able to reinvestigate the provitamin of crude cholesterol, to attempt the 
isolation of the provitamin of heat-treated cholesterol, and to compare 
vitamin D concentrates with the irradiation product of 7-dchydrocholes- 
terol by differential bio-aRsay, hut at this phase in the work the problem 
was solved in investigations of a chemical nature conducted at the Got¬ 
tingen laboratory. 

The difficult task of isolating the antirachitic principle of tunny liver 
oil in a pure form was accomplished by Brockmann, Z. physiol. Chem., 
241,104 (1936). It seemed reasonable to suppose that the natural vita¬ 
min would bear a fairly close resemblance to vitamin D 2 in structure, 
even though it might not be identical with this substance; and Brock- 
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mum, assuming that there would be a fair correspondence in the solubili¬ 
ties, adsorbabilities, absorption spectra, and other properties of the two 
substances, designed a procedure for the isolation of vitamin D based 
upon a number of trial experiments with vitamin D*. The preliminary 
work included the development of a colorimetric method for the quanti¬ 
tative determination of vitamin D 8 (or D) based upon the measurement 
of the intensity of a characteristic absorption band at 500 rap of an 
antimony trichloride complex. [Brockmann and Y. H. Chen, ibid., 241, 
120 (1936). Fur comments concerning the UBe and history of thiB colori¬ 
metric method, sec F. A. Robinson and F. E. Young, Chemistry and 
Industry, 55, 835 (1936). For a colorimetric determination employing 
aluminum chloride, bee Tzoni, Bwrhem. Z., 287, 429 (1936)]. Since the 
romplex from vitamin A 1: at. ail absorption maximum at 620 m p the pres¬ 
ence of this substance does not interfere with the determination. Tachy- 
sterol is the only related substance giving the sperific test. 

A liver oil concentrate containing by assay 0.32% of vitamin D was 
used as the starting material, and on distribution between 90% methanol 
and ligroin the bulk of the vitamin A was retained in the former solvent 
while the vitamin D rollected in the ligroin. Extraction of the ligroin 
solution with 95%; methanol removed the vitamin D, and much inactive 
material was retained in the ligroin. A further enrichment was accom¬ 
plished by ehromatographir adsorption on aluminum hydroxide, a dye 
of the same degree of adsorbability as vitamin D z being used aB an 
indicator to reveal the adsorption zone. Finally the dye wbb removed 
with alkali, rholrsterol was precipitated as the digitonide, and the active 
principle was esterified with 3,5-dinitrobcnzoyl chloride. After purifica¬ 
tion by adsorption, a crybtalline, 3,5-dinitrobenzoate, m.p. 128-129°, was 
isolated. Hydrolysis gave a non-crystalline sterol having an ultraviolet 
absorption spectrum similar to that of vitamin D 2 (maximum at 265 m p 
and an antirachitic activity of the same order of magnitude. The crystal¬ 
line ester was not identical with that of the active irradiation product of 
ergosterol and, indeed, it differed from this substance in composition. 
The composition, however, was that of the 3,5-dinitrobenzoate of an 
antirachitic substance known as vitamin D 3 , which WindauB, Fr. Schcnck 
and v. Werder, Z. physiol. Chevi , 241, 100 (1936), had just prepared 
by the irradiation of 7-dchydrorholcsterol (p. 180). The two esters 
melted at the same tempernturp and direct comparison established their 
romplete identity. Grab, ibid., 243, 63 (1936), later compared the anti¬ 
rachitic activity of Brockmann’s product with that of vitamin D 8 , using 
both rats and chirks, and found that the effective dosages agreed so 
closely that the identity of the biological activities cannot be questioned. 
He also established a quantitative correspondence in the biological actions 
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of tunny liver oil and crystalline vitamin D 3 and thus provided indepen¬ 
dent evidence of the identity of the natural vitamin. 

The isolation of the natural vitamin and its prompt identification by 
comparison with a substance which already had been produced by chem¬ 
ical means, has finally solved a most important and perplexing problem. 
The natural substance, or vitamin D a from 7-dehydrocholestcrol, can be 
assigned with assurance a structure similar to that of vitamin I) 2 (for¬ 
mula VI, p. 185) but having the saturated side chain of cholesterol 
( — ChHit). The mother substance of the vitamin very probably is choles¬ 
terol, but the manner in which the transformation occurs is not yet dear. 
It seems hardly possible that the vitamin arises from the irradiation of a 
provitamin in the fish, but only physiological investigation can determine 
whether the final vitamin is acquired from irradiated food, or by a 
synthesis requiring no radiant energy in the organism of the fish. From 
a comparison of the absorption spectra, E. M. Koch and F. C. Koch, J. 
Biol Chem 116, 757 (1936), concluded that the activatable contami¬ 
nant of crude spinal cord cholesterol probably is 7-dehydrocholesterol, but 
that the provitamin 1) of heated, purified cholesterol is a distinrtly 
different substance. 

From the work of Brocknmnn it is clear tlmt the early reports of the 
properties of natural vitamin 1) (Under, Rygh, pp. 178, 179) are erro¬ 
neous. The substance is optically active, it has an absorption spectnim 
characteristic of sterols with three conjugated double bonds, and it readily 
adds maleic anhydride. According to a preliminary report of Haslewood 
and Drummond, Chemistry and Industry , 55, 598 (1936), still other 
subBtanees of antirachitir nctivitv may be present in fish liver oils. Brock- 
mann’s observation^, however, have been confirmed by Simons and 
Zuckcr, J. Am. Chem. Roc, 5B P 2655 (1936), who isolated from tunny 
liver oil, by a process not involving rhromatographic technique, a sub¬ 
stance whose 3,5-dinitrobenzoate melted at 128.5° and which differed 
only slightly from Brockmann’s compound in biological activity and in 
the character of the absorplion band. Noracher and Rcichstein, Ilelv. 
Chim, Acta , 19, 1382 (1936), obtained from the same source three crystal¬ 
line dinitrobenzuates, but the alcohols proved to be inactive. Searching 
for the provitamin present in about 0.187r in crude cholesterol from egg 
yolk, Windaus and Stange, Z. physiol. Chem,, 244, 218 (1936), isolated 
crgosterol. They consider it probable that this Htcrol is resorbed in small 
amounts from the diet and does not arise in the organism of the hen. 

Relationship Between fttweture and Antirachitic Activity, It is now 
known that irradiated 22-dihydroergosterol (contrary to the preliminary 
reports, p. 180), is more potent than vitamin D 2 and nearly as active 
as vitamin D* [Grab, lor. rit.; McDonald, J. Biol Chem,, 114, Proc. 
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Lxv (1936)]. The extra inethyl ((roup in the side chain appears to have 
but little influence in determining the physiological potency. According 
to Grab’s results, vitamin Ds is somewhat less potent than vitamin Da, 
indicating that the double bond of the sidp chain detracts from the 
activity. The most essential feature of structure doubtless iB the pres¬ 
ence of a system of three conjugated double bonds extending between 
the original rings A and C, and in order for a sterol to function as a pro¬ 
vitamin it evidently must contnin a diene system between positions 5 and 
8. In extension of these observations, additional sterols of the type 
defined have been investigated at the Gottingen laboratory. 7-Dehy- 
drositostcrol [Wunderlich, Z. pliyxiol. Chem ., 241, 116 (1936)] gave on 
irradiation a substance of high antirachitic activity, but, surprisingly 
enough, the irradiation product obtained from 7-dehydrostigmasterol 
[Linsert, ibid., 241, 125 (1936) | proved to be inactive, or at the most 
very feebly active. Bann, Hedbron and Spring, J. Chrtn. Roc., 1274 
(1936), attempted to prepare a similarly unsuturated sterol by a different 
method but encountered nn unexpected obstacle. Treatment of 7-kcto- 
eluilcstcryl acetate (formula I, p. 180) with three equivalents of 
mcthylnmancsium iodide gave 7-hydroxy-7-methylrholeHtcrol, but on 
dehydration of this carbinol (as the henzonte) an cthylrnir linkage was 
introduced not ut the desired 7.8-position, but in the alternate cxocyclic 
position. Irradiated 7-metliyleiiccholesterol, as anticipated, is antirachi- 
tically innrtive. In another investigation Barr, Hcilbron, Parry and 
Spring, ibid., 1437 (1936) discovered n new route to 7-dehydrocholcsterol. 
Noting that cholesterol is remarkably stable to neutral potassium per¬ 
manganate, these workers tried oxidizing cholcsteryl livdrogen phthalatc 
with ulknlinc permanganate. Of three oxidation products isolated, one 
proved to he the acid phtlmlate or a 7-hydroxyeholestcrol, m.p. 184-185°, 
for the diol formed a dibenzoate which yielded 7-dpliydrocholcsteryI 
benzoate on pyrolysis. The new diol is a stereoisomer of the 7-hydroxy- 
cholesterol of Windaus, Letter and Sehenck, 24 the difference being in the 
configuration at C7. To distinguish the isomers, the died of Windaus, 
Lettrf and Srhcnrk is appropriately named 7(a)-hydroxycholcstcrol, 
while that of the English investigators is the 7 (jJ) -hvdroxy derivative. 

Other Studies (addition to p. 186). Vanghclnviri and Vnsiliu, Bvl. 
Roc. Chim. Romania, 17, 249 (1935), prepared 6-aminocholestanc and 
investigated other nitrogen-containing Htcrol derivatives. It was observed 
that ergostcrol is converted by the action of phosphorus trichloride into 
an ergostatetrnenc (CaJIja), m.p. 102°. This forms a hydrogen chloride 
addition product, m.p. 107°. Further studies of nitrogen-rontaining bile 
acid derivatives are reported by M. Schenck, Z. jihymol. Chem., 239, 
135 (19361; 242, 81, 244, 245 (1936). Lettre and Hagcdom, ibid., 242, 
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210 (1936), investigated synthetic glycosides of sterols in the hope of defin¬ 
ing the features of structure responsible for the hemolytic action of the 
neutral saponins of the digitalis group (p. 322), but substances of a high 
degree of water-solubility have not yet been obtained. Dane and Brady, 
ibid., 244, 241 (1936), prepured the 3-glucoside of deBoxycholic acid with 
the view of increasing of the digitalis-like action of thiB bile acid. 


Chapter V 

Combined Form of Oestriol (p. 194). S. L. Cohen and Marrian, 
Biochem. J., 30, 57 (1936), isolated from human pregnancy urine a 
water-soluble, ether-insoluble substance having the properties and approx¬ 
imately the composition of an oestriol glucuronic acid (CaiHaaCM. 
S. L. Cohen, Marrian and Odell, ibid., 30, 2250 (1936), later isolated the 
pure crystalline sodium salt of oestriolglucuronide and showed that the 
glucuronic arid is joined to the oestriol by a glucosidic link to one of the 
two secondary hydroxyl groups, the phenolir hydroxyl being free. The 
oestriol in the glururonide has only about 1/17 the potency of the Bame 
amount of unroinbinrd oestriol. 

Colorimetric Determinations (pp. 194-195). Schmulovitz and Wylie, 
J. Lab. Clin. Med., 21, 210 (1935); J. Biol Chem., 116, 415 (1936), 
used the orange or red colors of the azo dyes, formed by coupling 
oestrone and oestriol with diazotized p-nitroaniline or sulfanilic acid, as 
a means of estimating these substances in extracts of human pregnancy 
urine. Chevallier, Corml and Vcrdollin, Bull. acad. mid., 114, 171 
(1935), used the characteristic ultraviolet absorption band at 280 m/t 
to detect oestrogenir substances in urinary extracts. Pincus, Wheeler, 
G. Young and Zahl, J. Biol. Chem., 116, 253 (1936), compared several 
of the previous colorimetric methods of estimation and developed a new 
test based upon a color reaction with benzoyl chloride. A more intense 
color is obtained with oestrone than with oestriol, and the test distin¬ 
guishes these substances from oestradiol (p. 213), which docs not give 
the typical rolor. 

Derivatives of Oestrone (p. 195). Dirscherl, Z. physiol. Chem., 239, 
49 (1936), prepared the ethyl carbonic ester of oestrone (ROCOjCsHs), 
m.p. 115°, corr., by the artion of ethyl chloroformatc and pyridine on the 
hormone or by interaction with phosgene and pyridine, followed by 
alcoholysis of the chloroformyl ester (ROCOC1). The chloroformyl 
ester, m.p. 101-102°, was found to have an enhanred oestrogenic activity. 

8-Follicular Hormone (p. 195). The substance described by Schwenk 
and Hildebrandt*' was later separated from the urine of mares by Win- 
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tersteiner, Schwcnk and co-workers and found to be a mixture from 
which one component waa isolated in a pure form through the picrate 
[Winterateiner, Schwenk and Whitman, Proc. Roc. Exptl. Biol. Med., 32, 
1087 (1836); Winterateiner, Schwenk, Hirschmann and Whitman, J. Am. 
Chem. Soc., 58, 2662 (1036) |. The new compound, m.p. 215-217°, haa 
the composition CigHguOa and was characterized as a diol having the 
structure of a dihydro derivative of cquilcmn (p. 202). The phenolic 
monobenzoate on oxidation gave a ketone identical with cquilenin ben¬ 
zoate. The dihydrocquilcnin from urine pobscsses only about one- 
half the oestrogenic potency of cquilenin (the potent, oily diol of David, 
p. 215, may have contained stereoisomers). 

Standardization of the Sex Hormones (p. 196). At the second con¬ 
ference held Hinder the auspices of the League of Nations, a second inter¬ 
national unit, the “benzoate unit.” was defined as the specific activity of 
0.1 f of a standard preparation of the pure nionubcnzoate of oestradiol, 
(p. 214) m.p. 194-195° \Z. angew. Vhcrn., 48, 805 (1935)]. The inter¬ 
national unit for the male hormones is defined in terms of the activity 
of 0.1 mg. of a pure androsteronc preparation measured in the comb 
growth test. For the corpus lutouni hormones the unit of activity is 
that of 1 nig. of )9-progcsternne (Corner-Allen or Claubcrg test). 

Extraction of Oestrone (p. 197). A number of improvements in the 
process of Beall and Marrian 34 are described by Beall and Edson, 
Biochem, J., 30, 577 (1936). 

Reagents for the Isolation of Ketones (p. 197). A convenient pro¬ 
cedure for the preparation of the Girard reagent in 90% yield starting 
with ethylehloroacetute, trimethylamine, and hydrazine hydrate is 
described by Girard and Sandulesco, Hclv. Chim. Acta, 19, 1095 (1936). 
The reagent, trimethylnminoaeetohydrazide hydrochloride (betaine- 
hydrazidc hydrochloride) must be stored with some care as it is hygro¬ 
scopic and undergoes decomposition in a moist atmosphere. The condensa¬ 
tion is best carried out in alcoholic solution containing 10% acetic acid, 
refluxing for one-half hour usually being sufficient. The condensation 
products from ketones are hydrolyzed very easily by mineral acids, while 
those from aldehydes arc so stable to acid hydrolysis that a separation of 
ketones from aldehydes can be made without difficulty. No practical 
process was found for the regeneration of aldehydes. Diaryl ketones 
react only very slowly with the reagent. Girard and Sandulesco devel¬ 
oped a new test for ketoneB based upon the formation of a colored precipi¬ 
tate on ad ding mercuric and potassium iodides to an aqueous solution 
of the condensation product; and it is reported that the presence of a 
few i of oestrone con be recognized easily by this method in a micro test. 
TheBe investigators describe a second reagent which differs from thd 
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first only in the replacement of the trimethylamine residue by pyridine, 
and as it iB not hygroscopic the substance is recommended for technical 
isolations. It is not suitable for use in the qualitative preripitation test. 

Anchel and Schoenhpimer, J. Biol Chm., 114, 539 (1936), found 
the Girard reagent somewhat unsatisfactory for the isolation of cholesta- 
none because the condensation product is hydrolyzed with Burh great 
ease as to moke separations difficult. [See, however, Reichstein, Helv. 
Chim. Acta, 19, 1107 (1936)]. They investigated reagents whose con¬ 
densation products form water-soluble alkali salts, and found two com¬ 
pounds which offer certain distinct advantages, particularly when used 
in combination with one another. One of these, eurboxymethoxylamine 
(H 2 NOCH 2 CO 2 H), is easily prepared Irani the sodium derivative of 
acctoxime and ethyl ehloroaretate |Borck and Clarke, J. Am. Chcm. Roc., 
58, 2020 (1936)]. It reacts rapidly with sterol ketones in nlroholie solu¬ 
tion, and the products of the type R 2 C—NOOHjCOsII can be extracted 
from mixtures by distribution between potassium carbonate solution and 
ether, the product separating as a precipitate when the aqueous layer is 
acidified. The oxime aridH are not attacked by air, and this iB a con¬ 
venient form in which to isolate the total ketones from unsaponifiablc 
material. After regeneration of the total ketones, a separation of the 
a, jEMinsuturuted ketone cholestemme from cholcHtnnnne and eoprostanone 
can be effected with the use of n second reagent, p-carboxyphcnylhydra- 
zine (H 2 NNHCUH 4 CO 2 TH. While the hydrazones of the saturated 
ketones are easily cleaved on refluxing the mixture with alcoholic formal¬ 
dehyde solution, the hydrazone of rholestenone is not attacked under 
these conditions. This ketone can be recovered by refluxing in an alco¬ 
holic solution of pyruvic acid. p-Curboxyphcnylkydrazinc iB not used 
in the first, gross extraction because the phenylhydruzones are autoxidiz- 
able, making it nceessnry to work as far as possible in the absence of air. 

Influence of Oestrin on Plant Growth (pp. 199-200). In further 
investigations the results have been almost entirely negative. | Harder 
and Btormer, Nachr. Grx. TTisk., Gotlingm, 11 (19341; Btormer, 
Biorhein. Z., 285, 29 (1936); Teodoro and Zampctti, Arch. ist. 
biochim. itnl., 7, 423 (1935); Tincker, Ann. Appl. Biol, 22, 619 (1935); 
Chouard, Compt. nnd *oc. hint., 122, 823 (1930)1- Positive results are 
reported by Scharrer and Hcliropp, Biochem Z., 281, 314 (1935). 

X-Ray Analysis fp. 206). X-ray crystallographic data for orstrone 
and other hormones arc given by Bernal and Crowfoot, Z. Kritst., 93, 
464 (1936). 

Hydrogenation of Oestrone (p. 213). On hydrogenating the hor¬ 
mone or itB acyl derivatives in the presence of Adams’ cntalyst in neutral 
or alkaline alcoholic solution, Dirsrherl, Z. physiol. Cheni., 239, 53 
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(1036), obtained ocstradiol (m.p. 174-] 75°) as the sole product. On 
conducting the reaction at room temperature in acetic acid solution or 
in alcohol containing hydrochloric acid, he found that the aromatic 
nucleus is attacked, usually even before the carbonyl group, giving mix¬ 
tures of ketonic hexahydro derivatives, octahydro derivatives, and hexa- 
hydrodesoxyoestrones. An oestranediol-3,17, m.p. 210-211°, was isolated 
in a pure condition from the mixture of isomeric octahydro compounds, 
and a ketonic hexahydro derivative was isolated as the semicarbazonc. 

Isolation of Oestradiol (p. 214). Details of the isolation of the hor¬ 
mone arc reported by MarOorquodale, Thayer and l)oisy, J . Biol. Chm 
115, 435 (1936). In the most satisfactory procedure oestradiol was iso¬ 
lated not as the (mono) m-brumobenzonte, prepared by the Schoiten- 
Baumann reaction, but as the di-a-nuphthoate, the slight solubility of 
which in ethyl alcohol permits u ready separation from contaminating 
substances. The preparation of the derivative was carried out in pyri¬ 
dine solution and the excess n-naphlhoyl chloride was removed by add¬ 
ing excess glycine and subsequently extracting the resulting a-naphthoyl- 
glycinc witli sodium bicarbonate solution. The free hormone recovered 
after hydrolysis (m.p. 171-172°) was identical in melting-point charac¬ 
teristics and in bio-assay with a sample of ocstradiol (m.p. 172-173°) pre¬ 
pared in quantitative yield by the hydrogenation of oestrone in the pres¬ 
ence of Adams 1 catalyst. The complete recovery as oestradiol of all the 
oestrogenic material of the four tons of sow ovaries processed in the 
course of the work would have given only 25 mg. of the hormone, and 
the isolated material amounted to about one-half of this quantity. 

Not long after the discovery of the hormone by Doisy and eo-work¬ 
ers, Wintersteiner, Sehwenk and AVhitman, Five. Soc. Exptl. Biol. Mcd. f 
32, 1087 (1935), reported isolating oestradiol from the pregnancy urine 
of mares. 

Supposed Activity of Degradation Products (p. 215). The early 
report that certain oxidation products of uestriol methyl ether are more 
active than oestrone lias been retracted. MacCorquodale, Levin and 
Thayer, J. Biol. Chem., 105, lv (1934), state that none of the degrada¬ 
tion products of oestrone and oestriol investigated has any significant 
oestrogenic activity. 

Oestrogenic Activity of Synthetic Compounds (pp. 215-217). A 
further investigation of 9,10-dialkyl-9,10-dihydroxy-9,10-dihydro-l,2,5,6- 
dibenzanthracenes (III, p. 216) and related diols has been made by Cook, 
Dodds and Lawson, Proc. Roy . #Sor\, (London), B121, 133 (1936). Seven 
new dialkyl derivatives of the type Til were examined for oestrogenic 
activity, but the potency in no case equaled that of the di-n-propyl diol, 
the most active of the substances previously described. Branching of 
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the Bide chains results in a marked decrease in the activity, the di-i- 
propyl compound being only one-tenth as active &b the di-n-propyl 
diol. The introduction of double bonds produces an even more pro¬ 
nounced change in the biological actions of the molecule, for the di-allyl 
compound gave entirely negative results whrn injected into ovaricc- 
tomised rats in 10 mg. doses. An interesting test was made of the 
effect of cyclisation of the aliphatic chain. While the di-n-amyl com¬ 
pound is inactive in large doses, the dicyclopcntyl compound gave posi¬ 
tive results in 0.5 mg. doses. The English investigators note that the 
configurations of the diols have not been determined and that it is not 
yet known if the substances studied are ris or trans compounds, or mix¬ 
tures. Differences in the stcreoisoincric type or in the composition of 
mixtures might seriously obscure the correlation of structure with biologi¬ 
cal activity. Whether the synthetic diols arc single individuals or mix¬ 
tures, they reproduce all the known biological actions of naturally occur¬ 
ring ocstronc. The substances produce vaginal rhanges in rats and mice, 
they stimulate uterine enlargement and induce premature puberty in 
immature animalB, they produce plumage changes in capons (p. 216), 
and reproduce pathological rhanges resulting from the administration 
of ocstrone [p. 218. Burrows, Ref. 99, Bntnh Journal of Surgery, 23, 
658 (1935)]. Cook, Dodds and Lawson also found that the di-n-propyl 
diol, like oestrone, can prepare the uterus for the endometrial prolifera¬ 
tion brought about by progesterone (pp. 241-242), and Wolfe, Am. J. 
Physiol., 115,665 (1936), observed that administration of the diol to cas¬ 
trated female rats prevents the appearance of castration cells in the 
anterior lobe of the pituitary. 

Other dialkyl diols of analogous structure were prepared by the addi¬ 
tion of Grignard reagents to anthraquinone, phenanthrenequinone, chry- 
senequinone, 1,2-benzanthraquinone, and the Bz-tetrahydro derivatives 
of 1,2- and 2,3-bcnzanthraquinone. Oestrogenic activity of a low order 
wbb shown by the diphenyl diols from chryscnequinone and 1,2-bcnzan¬ 
thracene, while all other members of these series wore inactive. In the 
course of the work 1-hydroxy-1,2,3,4-tetrahydrophenanthrene was found 
inactive in rats in doses of 100 mg. 

While all of the previously described oestrogenic agents except the 
weakly acting 1-ketooctahydroanthraccnc IV (p. 217) contain the phen- 
anthrene ring system, Dodds and Lawson, Nature, 137, 996 (1936), dis¬ 
covered that a number of substances not related to phenanthrene exhibit 
definite oestrogenic activity (see also Dodds, Ilelv. Chim Acta, 19, E49 
(1936)]. 7,8-Dihydroxy-7,8-di-(a-naphthyl)-acenaphthene, adminis¬ 
tered in 100 mg. doses, will maintain a rat in full oestrus for a prolonged 
period, and it is active in doses as small as 10 mg. A number of other 
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diliydroxy compounds were found to possess definite oestrogenic activity 
when injected in rats in 100 mg. dosage, the list including such oompari- 
tively simple compounds as 4,4'-dihydroxy(liphenyl, 4,4'-dihydroxydi- 
phenylmethane, and di-(a-naphthyl)-carbinol. The effective dosages of 
these compounds, as for as determined, are several hundred times larger 
than for the dialkyl diols of the dibenzanthracene series, but the results 
illustrate further the absence of a high degree of structural specificity in 
this type of female hormonal activity. 

Fincus and Werthessen, Science, 84, 45 (1930), developed a special 
method of assay dependent upon the intra peritoneal, rather than subcu¬ 
taneous, injection of the substance tested. While the results have not 
been correlated with those obtained by the standard Allen-Doisy tech¬ 
nique, the method appears to offer a preliminary guide in the study of 
synthetic substances. Of a number of plicnanthrcnc and hydrophenan- 
threne derivatives tested, the most active was 6,7-dihydroxy-1,2,3,4,9,10, 
11 ,12-octahydrophenantlireno-] 1,12-dicarboxyhc anhydride [Fieser and 
Hershberg, J. Am Chem. Sor., 58, 2314 (1936)]. whirh was rated as 
more potent than l-kcto-l,2,3,4-tctrahydrophcnanthrcne. 

Oestrone from ErgoBterol (p. 219). The conversion of dehydroneoer- 
gosterol into oestrone has been realized by Marker, 0. Eamm, Oakwood 
and Laucius, J. Am. Chem. Sor, 58, 1503 (1936); paper XI in press. 
It was found that on reduetion with sodium and amyl alcohol dehy- 
droneoergosterol is attacked largely at ring B, giving a phenolic tetra- 
hydro derivative. Applying lluzicka’s method for the elimination of 
the sterol side chain (p. 227), this compound was oxidized in the form 
of the acetate and yielded, after hydrolysis, a substance identical with 
natural oestrone. The yields realized in these operations are not reported. 
By improved procedures, ergostcrol was converted through ergopinacol 
and neoergostcrol into the required dchydroncoergoBterol with an over¬ 
all yield of about 4% by weight. Whether or not the method proves 
of practical importance for the preparation of oestrone, the observation 
is of considerable significance in providing a clear proof that the con¬ 
figuration at the asymmetric renters C u and C 14 is the same in oestrone 
as in ergostcrol and therefore in cholesterol The certain evidence that 
oestrone rontains an angular methyl group at Cm and a carbonyl group 
at Cit (pp. 211-212) now affords a rigid proof of the location of the 
corresponding methyl group and of the side chain in the sterols. 

Bardhan’s Synthesis (p. 220). In another preliminary announce¬ 
ment Bardhan, Chemistry and Industry, 55, 879 (1936), has reported a 
further variation of the scheme of synthesis illustrated in formulas I-III. 
Phenylcthyl bromide was condensed with ethyl a-acetyl-)9-ketopimalate 
to give ethyl a- (^-phenylcthyl) -/9-ketopimalate. This was cydized with 
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sulfuric acid to a A’-dihydronaphthalene derivative. The third ring was 
dosed by an ester condensation with sodium, and l-keto-1,2,3,4,9,10- 
hexahydrophenanthrene was obtained on hydrolysis. Details of the 
preparation of 3'-kcto-3,4-dihydro-l,2-cyclopentenophenanthrenc (III) 
ore reported by Baidhan, J. Cham. Soc., 1848 (1936). 

Derivatives of Phenanthrene-l,2-dicarbozylic Anhydride (p. 221). 
By application of the standard synthesis (sec VIII- * IX) to suita¬ 

bly substituted naphthalene derivatives, A. Cohen, Cook and Hewett, 
J. Chem. Soc., 52 (1936), prepared 7-mcthoxyphenanthrene-l,2-dicar- 
boxylio anhydride, and Ficscr and Horshbcrg, J. Am. Chem. Soc., 58, 

2314.2382 (1936) prepared the 9-methuxy and the 5,9-dimethuxy deriva¬ 
tives of the anhydride. Starting with the ester of phenanthrene-l,2-di- 
carboxylic arid, L. F. Firmer, M. Ficser and Hershburg, ibid., 58, 2322 
(1936), prepared T,3'-dikrto-],2-eycloprutenoplienanthrcnc by condensa¬ 
tion with ethyl arctatc and Ruponification of the diketo ester. The 5,9- 
dimethoxyphenanthrindanedione w as prepared in a similar manner [ibid., 

58.2382 (1936) |). A. Cohen, Kalurr, 136, 809 (1935), prepared phenon- 
threne-l,2-dicarboxyhc anhydride nnd its 7-mcthoxy derivative by an 
interesting application of the Diels-Alder reaction. It was found that 
1 -vinylnaphthalene combines readily with nmlrir nnliydride at ordinary 
temperature to give a tetrahydrnpheiinnthrene-],2-dicarboxyhr anhy¬ 
dride. The fully aromatic compound was obtained by dehydrogenation 
with platinum black. A similar synthesis was achieved with 7-niethoxy- 
1 -vinylnaphthalene. 

7-Methoxy-l-ketotetrahydrophenanthrene (p. 221). Two alternate 
methods have been described for the synthesis of the compound of 
Butrnandt and Schramm 0 (ether of XI). A Cohen, Cook and Hewett, 
J. Chem. Sor., 52 (1936), converted 0-(6-mclhoxy-l-naphthyl)-ethyl 
alcohol (p. 210) into -f-(6-methoxy-l-naphthyl)-butyric acid by the 
malonic ester synthesis and cyclised the produrt with 809? sulfuric acid. 
Ilabcrland, Her., 69, 1380 (1936). prepared the same intermediate in still 
another manner. 6-Methoxy-l -t ctralonc was converted by the Reformat- 
sky condensation with ethyl brnnumretntc, followed by dehydration and 
reduction with sodium and alcohol, into f)- (6-methoxy-l-tetrnlyl)-ethyl 
alcohol. The chain was lengthened by the malonic ester synthesis and 
Y-(6-mcthoxy-l-nnphthyl) -butyric arid was obtained in excellent yield 
by dehydration with sulfur. Kon and F. C. J. Ruzieka, J. Chem. Soc., 
187 (1936), synthesized 8- nnd 9-hydroxy-l-ketotctrnhydrophcnan- 
threne starting with the /ff-inethoxynapthylethyl alcohols obtained by 
the action of ethylene oxide on the Orignard reagents from l-bromo-4- 
methoxynaphtlialene nnd l-bromo-5-methoxynaphthalene. The chains 
were lengthened by the malonic ester synthesis, the y-arylbutyric acids 
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were cyclized, and the ketones demethylated. By application of the 
standard methods the naphthylethyl alcohols were converted also into 
8 - and 9-methoxycyclopentcnophenanthrenc. 

y-m-Methoxyphenylbutyric Acid (p. 222). In preparing further 
quantities of the acid, R. Robinson and J. Walker, J . Chem. Soe., 192, 
747 (1936), introduced certain technical variations in the synthesis (b) 
from m-mcthoxybenzaldehyde (condensation of the aldehyde with methyl 
acetate or with malonio acid in pyridine, introduction of an ester group 
by a Grignard reaction with methyl chlorofurinate). Another method 
of preparation was investigated by Chuang and Uuang, Ber., 69, 1605 
(1636), and by Martin, J. Am. Chem. Soc., 58, 143B (1936). /8-Benzoyl- 
propionic acid was converted through the m-nitro derivative, the amine, 
and the hydroxy compound into Thompson's /3-m-mcthoxybcnroyl pro¬ 
pionic acid (XIII) and this was reduced by the Clcmmensen method. 
The reactions proceed satisfactorily except in the last step. Martin 
found that considerable resinifi cation occurs in the reduction of any but 
very small quantities, even when employing toluene (p. 347). No diffi¬ 
culty was encountered iu the preparation of Y-3-mcthoxy-4-mcthyl- 
phenylbutyric acid by the same method. 

Robinson-Rapson Synthesis (pp. 222-223). The structure XVI 
assigned to the condensation product has been confirmed by X-ray 
crystallographic analysis and by the observation that the compound on 
hydrogenation yields a tetrahydro derivative of alcoholic function, as 
shown by acetylation |Crowfoot, Kupson and R. Robinson, J. Chem. 
Roc., 757 (1936)]. Further evidence that the condensation proceeds as 
indicated is furnished by the successful use of the method in the syn¬ 
thesis of known hydrocarbons. From m-tetrulone and acetylcyclohexene, 
Peak and R. Robinson, ibid., 759 (193G), obtained in excellent yield a 
mixture of three isomeric ketodeeahydrochryscnes. Two of these are 
believed to be BtercoisomcrR and the third is regarded as having the 
double bond in a different location. The nature of the ring system was 
established by conversion to chrysene. Hawthorne and R. Robinson, 
ibid., 763 (1936), found that the condensation of a-tctralone with acetyl- 
cyclopcntene proceeds less smoothly, and only one ketotetrahydro- 
cyclopentanophenonthrene was isolated. Peak, R. Robinson and J. 
Walker, ibid., 752 (1936), made a preliminary study of other possible 
variations of the Knocvcnagel reaction for synthetic purposes. Rapson, 
ibid., 1626 (1936), investigated the condensation of 2-carbethoxyryclohex- 
anonc and the corresponding cyclopentanonc derivative with unsaturated 
methyl ketones. 

Robinson-Schlittler Synthesis (p 223). As an alternate route to the 
intermediate diketone XIX, Hewctt, J. Chem. Soc., 50 (1936), investi- 
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gated the condensation of /8-m-methoxyphenylethyl bromide with the 
potassium derivative of dihydroresorcinol. Although some of the desired 
compound was obtained, the chief product was that of O-alkylation and 
the process was declared unsuitable for preparative purposes. 

As a further step toward the hormone type of structure, R. Robinson 
and J. Walker, ibid., 192 (1936), succeeded in preparing the 2-methyl 
derivative of 7-methoxy-l-ketohexahydrophenanthrcnc, XX. This was 
accomplished by employing ethyl u-ncetyl-a'-mothylglularatc in the first 
step of the synthesis. The cyclizatinn of the methyl derivative of the 
diketone XIX might occur in two ways, but by vurying the last 
two stages of the synthesis it was found that the ring closure involves 
the less hindered carbonyl group, as anticipated. The methylated keto 
ester corresponding to XVITI was cydizcd with sulfuric acid at -15 s to 
the 1-substitutcd A 1 -dihydrunnphthulenc derivative. In order to dose 
the third ring, use was made of an adaptation of the Darzens reac¬ 
tion [Compt. rend., 150, 707 (1910)] first used for the synthesis of cyclic 
compounds by Cook and Lawrence, J. Chew. Roc, 1637 (1935). This 
consists in the intramolecular condensation of an unsivturated acid 
chloride (a) to a chloroketonc (b), 

-CH CICOC1I, -nwo-rn. r.n.N.cn,)^ -(VO-PH, 

-c —CH.-rn, -crnj(’H,rH, -ci’ilch, 

(a) (b) (0 

followed by the elimination of hydrogen chloride with dimethylanilinc to 
give an unsaturated ketone (c). The final product obtained in this way 
was identical with the substance prepared by the first synthesis and con¬ 
sequently the location of the methyl group at the 2-position is estab¬ 
lished. 

For the application of another plan of synthesis the saturated ketone 
corresponding to XX was required Having no sucress in attempting to 
effect a direct saturation of the ethylenir linkage, K. Robinson and J. 
Walker, ibid., 747 (1936), reduced XX to a saturated alcohol which was 
then oxidized to the ketone. The crystalline 7-niethoxy-l-kctooetahydro- 
phenantlirene isolated from the resulting mixture appeared from X-ray 
crystallographic analysis to have the trans configuration. When the 
oxidation was not conducted under very mild conditions, the hydro¬ 
naphthalene nucleus was aromatized in the course of the reaction and 
the ketone of Butenandt and Schramm (ether of XI, p. 221) was 
obtained. Starting with the saturated trans ketone, a carbethoxy group 
was introduced at the 2-position by condensation with ethyl oxalate and 
decomposition of the oxalyl derivative, and a methyl group was then 
introduced at position 2 by alkylation of the jff-keto ester. 
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Chuang’i Syntheses (addition to p. 223). The Danens reaction, 
introduced as a method of cyolisation by Cook and Lawrence (see above), 
was employed by Chuang, Tien and Ma, Ber., 69, 1494 (1936), in the 
elaboration of two interesting general methods for the synthesis of poly¬ 
cyclic compounds rontaining angular methyl groups. The two schemes 
are indicated by means of partial formulas. Isomers can arise in the 
Danens cyclization and only one possible location of the new double 
bond is shown. 

W ® ^ -0° BrfCH.IiCOjR > "C® 

-CII. -CllCO.R -CH(CH,),COiR 

-C(0H)C1I, -CCII, -CCH, 

> -C , HiCH,),CO,R > ’-l’(Cn 1 ) 1 COJl *-lj(Cn,)rfX)Cl 
faCl^-CtCBJCO 
-C-CHC'II, 


00 


-CHfii, -c:cir, 

-I'O * -CCH,(X)iH 


-CCH, 

-C(CH,),00,H 


-TC’Il, 


-IxCH^COOl 


BnCIi ) -C(CH,KO 

-( =CH(CH, 


Chuang, Tien and Ma prepared angular methyl derivatives of a-hydrin- 
danone and of a-oetalone by methods (a) and (b), respectively. The 
9-methyloctaliu (A 4 ,u or A’’ ,# ) was not affected by treatment with 
selenium at 400 1 , but yielded naphthalene when the temperature was 
raised to 450°. 

Natelson-Gottfried Synthesis (addition to p. 223). NatelBon and 
Gottfried, J. Am. Chcm. Soc., 58, 1432 (1936), explored an interesting 
plnn of synthesis which involves the construction of a molecule having 
all features of the structure of 3'-keto-l,2'cyclopentenophenanthrene 
except the diphenyl linkage between rings A and C. This linkage might 
then be established by a suitable process of cyrlizntion. Furthermore, 
by suitable modification of the tricyclic compound it might be possible 
to approach the type of structure found in vitamin D. Natelson and 
Gottfried developed an ingenious process for the synthesis of the desired 
4- (jff-phcnylethyl) -hvdrindone-1 and arc investigating the above possi¬ 
bilities. 

Male Hormone Activity of Hydrogenation Products of Oestrone 
(p. 226). In a further investigation of crystalline products of the 
nuclear hydrogenation of ocstrone, (p. 384) and of mixtures, Direcherl, 
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J. Kraus and H. E. Voss, Z. phyxiol. Chem ., 241,1 (1936), came to the con¬ 
clusion that crystalline preparations of ocstrone from mare’s and stallion’s 
urine (but not those from human pregnancy urine) contain an unknown 
precursor which by hydrogenation is converted into a product with a 
powerful action on the seminal vesicles but inactive in the comb growth 
test. 

Epimeric Cholestyl Chlorides (p. 230). The information available 
concerning the chloro compounds obtainable from cholesterol, dihydro¬ 
cholesterol (jB-cholcstanol), and cpidibydrocholcstcrol (a-cholcstanol) is 
summarized in the accompanying chart. 


Cholesterol (0) Chulestcryl chloride ("a"; 

i * r 


l H1 

KAc 

1“ 

0-Cholestnni>l 
(m. d. 142°) 

SOC1, > 

'V'-Chidnlyl rliloriilp 
(m. p. 116°) 

pen Tkap 


I’CliT KAr 

1 T 

V 1 

, /J ,, -Choli»Htyl rhlnride 
(m. p. 105°) 

i socu 

a CholrHtuiinl 
(m. p. 1R4°) 


The observation that the cholestunols (but not cholesterol) yield different 
chlorides according as they are treated with phosphorus pentaehloride or 
with thionyl chloride was made by Marker. 30 

While the configurational relationships of the saturated chloro com¬ 
pounds to the alcohols have not been determined with certainty, 
Ruzicka 81 suggested that, since a-cholcstanol (e/jf) has a higher melting 
point than /J-cholcstanol, the higher melting cholestyl chloride also has 
the true a(cpO’ con fi^ ra tion- If this inference proves to be correct, the 
prefixes “a” and lf j8” arbitrarily assigned in the literature to the two 
cholestyl chlorides will correspond to the true configurations at On 
referred to that of cholesterol. While the difference in melting point is 
not great, a comparison of the melting points of several pairs of epimers 
obtained from the chlorides by degradative reactions offering no oppor¬ 
tunity for Walden inversion reveals a definite trend in the same direction. 


Mklhnq Points of Emmas 


a-Cholestyl chloride 


0-CholestyI chloride 

105° 

3(a)-ChloroaUocholanic acid 


3(0) -ChloroaWochulnnir acid 

196° 

Methyl ester 


Methyl ester 

135® 

3(a)-Chloroa22bnorcholanic acid 

234° 

3(0)-ChloroaQonorcholanic arid 

213° 

Methyl ester 

176® 

Methyl ester 

159® 

a-Chloroandrosterone 

173° 

0-Ghl orandrosterone 

128“ 
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The data assembled in the table for the acidic degradation products an 
taken largely from the paper of Barr, Hcilbron and Bpring, J. Chem. Soc 
737 (1936); the chloroandrostcronrs have been studied by various 
workers (pp. 230, 233). In four of the six cases the a-compound melts 
at a higher temperature than its epimer, and the average increment for 
the six pairs is +11°. This general trend in the melting-point charac¬ 
teristics lends definite weight to Ruzicka’s assumption. Unfortunately 
the optical constants arc not available for comparison. 

If the configurations are as indicated, the reactions represented in 
the above chart by vertical arrows all proceed without steric rearrange¬ 
ment and those written horizontally involve Walden inversions. Accord¬ 
ing to this interpretation Walden inversions occur in all the metathet- 
ical reactions of the unsiiturated compounds (cholesterol and cholcsteryl 
chloride), while all of the transformations of the saturated compounds, 
with the exception of the reactions of the cholestanols with thionyl 
chloride, proceed without inversion. 

Chloroandrostenone (p. 232). The striking observation that this 
substance (I) can be converted into compounds of the opposite configura¬ 
tion at C a (II and III) finds a close parallel in the transformation of 
cholcsteryl chloride (a) into n-chohstimol. by hydrogenation and hydrol¬ 
ysis, and into cholesterol (0), by hydrolysis (p, 392). Since there are 
indications that in the sterol series a Walden inversion is more likely to 
occur in the reactions of unsnturnted than of saturated compounds, it is 
probable that the transformation of ehloroandrostenonc (I) into androB- 
terone (II) through the saturated ketone proceed* without inversion and 
that an inversion occurs in the direct hydrolysis to III. Chlormuidrostcnone 
therefore probably has the a (cpi )-configuration at a conclusion 
wdiich agrees with the observation (p. 233) that it yields on hydrogena¬ 
tion a saturated chloroketone (m.p. 173°) w r hich can be characterized 
as a-rhloroandrostcrono (p. 392). 

Butcnandt and (Jrosse, Bcr 69, 2776 (1936), found that chloroan¬ 
drostenone can he prepared very conveniently from dchydroisoandro- 
sterone by the method developed by Bevnon, Hcilbron and Spring for the 
conversion of cholesterol to cholcstyl chloride (p. 364). The p-tolucne- 
Riilfonatc of the hydroxy compound yields an abnormal methyl ether on 
alcoholysis in the presence of potassium acetate, and the methnxyl group 
is easily replaced by halogen on treatment with acid. 

Oxidation of Cholesteryl Acetate Dibromide (p. 234). As one by¬ 
product in the preparation of dchydroisoandrosterone by the oxidation 
of cholesteryl acetate dibromidc, a number of investigators 43 - 47 have 
isolated 3-hydroxy-A R -rhnlenic acid, The unsaturated acid was obtained 
also by Fujii and Matsukawa, J . Pharm . Soc. Japan , 56, 433 (1936), and 
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degraded to 3-hydroxybisnorcholenio acid (II, p. 247). These authors, 
ibid,, 56, 158 (1936), also report the isolation from the mixture of a 
substance regarded as somewhat impure A’-pregnenol-3-onc-20 (p. 247) 
as the acetate. Kuwada, ibid., 56, 75 (1936), isolated a product of over¬ 
oxidation which was characterized as 3-hydroxy-A B -aetiobilianic acid by 
conversion to aetioallobilianic acid (p. 331) [Kuwada and Miyasaka, 
ibid., 56, 631 (1936)]. 

Bio-assay of Hormone Preparations (p. 236). Details and variations 
of the teBt method arc disrussed by Gallagher and F. C. Koch, J. 
Pharmacol., 55, 97 (1935), Ramirez and Rivero, J. Am. Pharm. Assoc., 
25, 99 (1936), and Dessau, Acta Brevia Neerland., 5, 139 (1935). Pro¬ 
cedures for the extraction of hormones from urine for biological assay are 
described by Callow, Lancet. II, 565 (1936), and by Gallagher, F. C. Koch 
and Dorfman, Proc. Exptl. Biol. Med., 33. 440 (1935). 

Crystallizates from Testicular Extracts (p. 240). The hormone iso¬ 
lated by Ogata and Hirnno 00 has been compared with androstanedione 
by Hirano, J. Pharm. Soc. Japan, 56, 717 (1936), and found to be quite 
different from this compound. In a further investigation, Hirano isolated 
four new substances in amounts varying from 50 mg. to 200 mg. from 50 
kg. of hog testes. Substance A, m.p. 258-264°, is assigned the formula 
C 2 iHx>On and called testalolone. The compound forniH an insoluble 
digitonide, n monobenzoate, and a dioxiine; it has the reducing proper¬ 
ties of an aldehyde, and the ring system is saturated. From these and 
other observations, anil in analogy with known substances, Hirano pro¬ 
visionally suggests that testalolone is a derivative of 3-hydroxy- 
androstane with the group COOHO as a substituent at Cj 7 . Sub¬ 
stance B, m.p. 95-96°, CmR-isOa, has one free hydroxyl group and yields 
palmitic acid on hydrolysis. The other hydrolysis product gives formal¬ 
dehyde on treatment with lead tetraacetate. Hirano provisionally regards 
the new substance as a monopahnitate of propanediol-1,2 and is investi¬ 
gating its possible relationship to Lnqueur'w X-substance Ip. 396). Sub¬ 
stance C, m.p. 65-66°, CioH|»0.-t, is railed testriol and considered to be an 
open-chnin, triatomic alcohol, probably (ClIi)sO(OH) • OnIIo^CH (OH) 
CHjOH. Substance D, m.p. 219-224°, is probably a C 23 - or CM-cam- 
pound containing three atoms of oxygen. 

Activity of Androsterone and Testosterone Derivatives (p. 240). Much 
interest hns been shown in the preparation and bio-assay of 17-alkyl 
derivatives of testosterone. Ruzicka 8S ' M found that the methyl deriva¬ 
tive can be obtained readily from dehydroisoandrosterone by a process 
even simpler than that employed for the preparation of testosterone 
itself (p. 239). The unsaturated hydroxyketone (I, p. 239) is treated 
with excess Grignard reagent and the resulting diol is oxidized in the 



APPENDIX 


form of tho dibromide. On debromination, the double bond migrates 
from the 6,6- to the 4,6-position and 17-mcthyltestosterone (m.p. 164°) 
is obtained. Fujii and Matsukawa, J. Pharm. Soc. Japan, 55, 1338 
(1835), reported the independent preparation of the compound by the 
same method. According to most reports, 17-methyltestosterone is about 
equal in activity to testosterone in the rapon test and has a slightly 
greater activity in the rat test. 

While the introduction of a methyl group seems to enhance somewhat 
the physiological actions of the natural hormone, an ethyl group has the 
opposite effect and results in a decided loss in activity. The preparation of 
17-ethyltestosterone (m.p. 139°) was undertaken by both Butenandt and 
Rusicka, and certain difficulties were encountered in applying the standard 
method [Butenandt, Cobler and Josef Schmidt, Ber., 69, 448 (1936); 
Butenandt and Schmidt-Thome, ibid., 69, 882 (1936); Rusicka and 
Rosenberg, Ilelv. Chim. Acta, 19, 357 (1936) ]. It eventually was recog¬ 
nized in both laboratories that some reduction of the 17-carbonyl group 
occurs in the course of the rcnction of dehydroisnandrosterone (and 
similar ketones) with ethylmaguesium iodide No reduction was observed 
when using the methyl Grignard reagent, while with propyknagnesium 
iodide reduction predominated over addition The reduction by the 
Grignard reagent follows chiefly the same Bteric course as catalytic 
hydrogenation, although Rusicka at first was misled on this point by 
the difficulty of isolating the unmcthylnted diol in a pure condition. In 
the final stage of the process, Butenandt obtained a compound which 
at first was regarded as the true (A 4 ) 17-ethyltestosterone but which 
was later found to be the A’-isomer. The conditions of the original 
debromination evidently were not such as to promote the usual bond 
migration, but it was found that the A'-compound is isomcrizcd easily 
by acids (compare p 359). 

Applying the standard synthetic method, Fujii and Matsukawa, J. 
Pharm. Soc. Japan, 56, 225 (1936), prepared 17-benzyltestosterone (m.p. 
226°), while Kuwada and Yago, ibid , 56, 625 (1936) prepared 17-vinyl- 
testosterone (mp 170°) and 17-allyltcBtostorono (mp. 137°). Both 
the vinyl and the allvl compound were found to be about one-third as 
active os testosterone in the rnt test 

From a by-product obtained in the hydrogenation of an intermediate 
in the preparation of a quantity of testosterone, Ruzicka and Kagi, 
Helv. Chim. Act a, 19, 842 (1936), were able to prepare an isomer of 
testosterone having the opposite configuration at Oh Tt was found that 
inversion at this position results in a great loss in hormonal activity. 
Butenandt and Hanisch, Ber , 69,2773 (1936), undertook the preparation 
of the A n -isomcr of testosterone and succeeded in obtaining the compound 
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in the form of the acetate by the process of debromination in neutral 
solution (p. 35B). It was not possible, however, to hydrolyse the acetate 
without rearrangement of the double linkage. A'-Androstenolone acetate 
was found to be only about one-half as active as testosterone acetate in 
both the capon and rat testa. Ruzicka and Wettstein, Helv. Chim. Acta, 
19,1141 (1936), prepared a aeries of eaters of testosterone and found that, 
as the hydrocarbon residue of the ester group is increased in sisc, the 
activity measured by the comb growth test falls off while that measured 
in the rat test increases. The enol diacetate of testosterone is comparable 
with the monoacctatc in androgenic activity and it gives no response in 
the Allcn-Doisy test [Ruzicka and W. H. Fischer, ibid., 19, 1371 (1936)]. 
17-Aminoandrostanol-3(a) (m.p. 187-188°) was prepared by the reduc¬ 
tion of androsterone oxime by Ruzicka and Goldberg, ibid., 19,107 (1936), 
and by Marker, J. Am. Chem. Soc., 58,480 (1936). Tests showed that the 
replacement of the hydroxyl group at On by an amino group results in 
greatly Teduced activity. 

The relationship between structure and physiological activity among 
compounds of the nndrostcrone group has been reviewed recently by 
Tschcrning, Anqcw. Chcm., 49, 11 (1936), and by Ruzicka, ibid., 49, 
28 (1936); Helv. Chim. Acta, 19, E89 (1936). The biological activities 
of a number of the compounds have been investigated further by 
Deanehly and Parkcs, Iiiochcm. J., 30, 291 (1936), Korenchcvsky, 
Dennison and Brovsin, ibid., 30, 558 (1936), and Korenchcvsky and Den¬ 
nison, ibid., 30, 1514 (1936). 

Activation of Testosterone by the X-Substance (addition to p. 240). 
It was discovered by Enqueue and co-workers M that a substance present 
in testes nnd called the X-suhstnncc is capable of enhancing greatly the 
activity of testosterone on seminal vesieles and prostates of castrated 
rats. The substance is inert when injected alone, but when injected 
together with testosterone the activity of the latter is amplified from 
five to ten times. The X-subRtnnce nerves also ns an activator of 
androsterone and androstanediol [Dingemanse and Polak, Acta Brcvia 
Nccrlavd., 5, 179 (1935)]. Enqueue characterized the substance as fnt- 
soluble and acidic, nnd Miescher, WettRtein and Tschopp, Chemistry and 
Industry, 55, 238 (1936), found that certain higher fatty acids share the 
property of acting as accessory substniiees. Palmitic acid is one of the 
most active and exhibits all the actions of the X-substanee. Ricinclaidir, 
stearic, and cluidir acids showed progressively decreasing potenry. Since 
the. fatty oils commonly used br solvents in the bio-asRay of male 
hormones probably contain varying nmounts of activators in the form 
of free fatty acidB, the problem of standardization » clearly complicated 
by this factor. The effectiveness of a hormone varies both with the 
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nature and the amount of the solvent used [Deanesly and Parkes, Lancet , 

I, 837 (1936)]. 

Oestrogenic Activity of Compounds of the Androsterone Group 

(addition to p. 240). Following the disrovery that androstenedione and 
dehydroisoandrosternne possess some oestrogenic activity (p. 236), Buicn- 
andt, Naturwmemchajten, 24, 15 (1936), found that androstenediol (II, 
p. 239) combines to a marked degree the physiological properties of 
male and female hormones. The substance induces oestrus in castrated 
female mice and promotes comb growth in capons, and it causes the 
premature development of female as well as male infantile rats. Buton- 
andt found the substance to be active in a total dosage of 4X0.2 mg. 
in the Allcn-Doisy test with mice (1-2 days oestrus). Similar observa¬ 
tions concerning androstenediol and its 17-methyl derivative were 
reported by Tschnpp, Arch . intern, pharmacodynamic, 52, 381 (1936) 

I see also Deanesly and Parkes, Brit. Med. J ., 1, 257 (1936)]. Butenandt 
and Dannenberg, Ber., 69, 1158 (1936), prepared A^androstcnodiunc from 

2- bromoandrostanedinne-3,17 (compare pp. 249-251) and found that, 
while the compound has no male hormonal actions, it, gives a positive 
response in the Allcn-Doisy test in 4X0.5 mg. dosage. On comparing 
this substance with A 4 -androstcnedionc, a compound comparable in activ¬ 
ity with the male hormone androsterone, it iR striking that the transposi¬ 
tion of the double bond from the 4,5- to the 1,2-position results in a 
compound having the actions of a follicular hormone. Still other oestro¬ 
genic substances of the androsterone group were discovered by Butenandt 
and B. Ricgel, ibid, 69, 1163 (1936). 6-Ketotestosterone, obtained as 
the aretatc by oxidizing the 17-monoaeetate of A r, -androstenediol-3,17 
with chromic anhydride, gave a positive reaction in the Allcn-Doisy test 
in 4X0.5 rag. dosage. A 4 -Amlrnstcnetrionc-3,6,17 has about the same 
oestrogenic activity. 

Marker, 0. Kamin, Oakwood and Laucius, J. Am. Chevn. oc., 58, 
1948 (1936), found that a mixture of the cpiiucric 3-earbethoxyandro- 
sternnes gave an ocstrous response in rats when administered in quantities 
of 5-lOy, although no activity in the romb growth test was observed in 
doses of 2 mg. The mixture of free acids was much less active than the 
esters. The material w T as prepared by oxidizing a mixture of ppimeric 

3- earbometlioxycholestones obtained by the carbonation of cholestorvl- 
magnesium chloride, followed by hydrogenation and esterification 
[Marker, Oakwood and Crooks, ibid., 58, 481 (1936)]. 

The preparation of a compound of remarkable potency &r both a 
male and female hormone has been reported by Fujii and Matsukawa, 

J. Pharm. Soc. Japan , 56, 543 (1936). Dehydroisoandrostcronc, treated 
with dry hydrogen chloride, gave 5-chloroisoandrostcrone (Ruzicka 08 ), 
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from which there was obtained by oxidation and brominatian a sub¬ 
stance described as 2-bromo-5-chloroandrostanedione. On treatment 
with potassium acetate and acetic acid this yielded a doubly unsaturated 
diketone, m.p. 168°, regarded as A 1 -dehydro-A 4 -androstenedione-3,17. 
The capon unit reported for the compound is about equal to that of 
androsterone, and it was found that the injection of 0.5 mg. of material 
in four doses into a castrated mouse gave a positive Allen-Doisy test. 

Stereochemical Nomenclature (addition to p. 240). According to 
the proposal of Ruzicka (p. 116), the steric arrangement of a substituent 
at the 3-position is indicated by a prefix, cis or trans, to express the con¬ 
ventionally assumed relationship of the group to the hydrogen atom at 
Cg. In this Bystem androsterone (II, p. 228) and isoandrostcrone (I, p. 
228) are 3-cis and 3-trans compounds, respectively. In the case of unsat¬ 
urated sterols having no hydrogen nt Cg, the arrangement of the group 
at C s is referred to that of the corresponding product of hydrogenation. 
Dehydroisoandrosterone, for example, is designated trans because in the 
hydrogenation product the substituents at 3 and 5 are assumed by con¬ 
vention to have this relationship (p. 233, note 39). Although Ruzicka’s 
proposal has been accepted by a number of authors, Schoenheimer and 
Evans, J. Biol. Chem., 114, 567 (1936), have criticized the system on the 
ground that the hydrogen atom at C-, is not a very satisfactory point of 
reference even in the saturated sterols, since it is not fixed for all known 
compounds. The two broad classes of steroids derived from eholestane 
and from roprostane have opposite configurations at C n , and an awkward 
situation arisrs in the case of isomers rucIi as dihydrocholesterol and 
coprosterol (p. 116). Considering the assumed relationship of the groups 
at C 3 and Cg, the Rubstanres are designated 3-trans and 3-cis, respec¬ 
tively, and yet the arrangement of the hydroxy] group at Cg in each case 
corresponds to that of cholesterol and both compounds are precipitsble 
with digitonin. In order to avoid this difficulty, Schoenheimer and Evans 
proposed that the steric arrangement of the hydroxyl group should be 
described in terms of itH relationship to the methyl group at Ci 0 [see also 
Lettrf, Ber., 68, 766 (1935)]. According to this system, dihydrocholes¬ 
terol and roprosterol are both 3-cis compounds, while their epimero are 
designated 3-trnns. This scheme has the advantage of affording a ready 
distinction, at least with the commoner substances, between sterols which 
form insoluble digitonidcs and those which do not. The choice of the 
Cifi-methyl group aR a fixed point of reference, however, is not without 
objection. Although the stereochemical relationship of thiB group to the 
rest of the molecule is the same in a great many of the known sterols 
and sterol derivatives, there arc definite indications in the work of 
Dimroth on lumisterol (p. 375) that in the case of the irradiation 
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products of ergosterol the configuration at Ci 0 is the opposite of that of 
the natural sterols. The new proposal therefore does not avoid entirely 
one serious difficulty of Ruzicka’s system even as applied to such com¬ 
pounds as are known at the present time, and provision for new com¬ 
pounds is definitely lacking. It is questionable if any Bingle center of 
asymmetry in the molecule can provide a rational reference point for 
Hnfining the configurations at other centers. 

A further serious objection to the above proposals is that the Bterio 
relationship of the Cj-hydroxyl to the Cs-hydrogen atom or to the 
methyl group at Cio is still uncertain. Ruzicka’s assumption that the 
substituents at C| and Cg in dihydrocholestcrol are located on opposite 
sides of the general plane of the rings may be correct, but it is by no 
manna established. As a provisional convention for purposes of formula¬ 
tion until the matter can be settled, his plan of representing the one 
valence by a full line and the other by a dotted line is very useful, but 
the arbitrary and uncertain nature of the assumption should not be lost 
sight of, and it appears definitely inadvisable to incorporate into the 
system of nomenclature an assumption which may prove to be incorrect. 
Even when secure evidence of the configurations becomes available it 
is questionable if the relationship between centers of asymmetry such as 
C 3 and Cio should be defined by the terms ris and trans, for these prefixes 
most commonly refer to adjamit centers and bear definite implications 
regarding sterie hindrance and the opportunity for ring formation. Pro¬ 
bably a new set of prefixes, and one capable of defining the relationship 
of each asymmetric carbon atom to the molecule as a whole, would be 
more appropriate. 

As for the arrangement of the characteristic hydroxyl group of the 
stcrolB, evidently it is the relationship of this group to the central plane 
of the ring system which is of prime importance, and this relationship, 
although unknown, can be defined accurately and adequately by refer¬ 
ence to cholesterol. The configuration nt common to cholesterol, 
dihydrocholcsterol, coprostcrol, ergosterol and similar steroids is appro¬ 
priately designated where necessary by the classical prefix p, while the 
epimers of these substances are 3 (a)-hydroxy compounds, as are the 
bile acids and androsterone. No arbitrary assumptions are involved in 
this nomenclature, the facts regarding precipitability with digitonin 
find a satisfactory correlation, and the standard convention can be 
retained in writing formulas until final evidence becomes available. For 
natural products, the common names usually are entirely adequate, and 
usually it is possible with the use of the prefixes o and p, and sometimes 
iso, to assign satisfactory names to their derivatives and to related com¬ 
pounds. For purposes of specific icferencc to the configuration at Cj, 
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androsterone may be called a-androstcrone, since it corresponds to a- 
cholestanol (ejridiliydrocliolesterol). The companion substance isolated 
from urine was named “dchydroandrosterone” at a time when there was 
no reason to suppose that a Walden inversion occurs in one of two 
similar hydrolysis reactions (pp. 232-233). Since it is now known that 
the stcric arrangement at Oa is the opposite of that of androsterone, the 
original name is recognized as misleading. The substance is derived 
from the diastereonier of androsterone, and licnre in this book it has 
been called dehydroisoandrosterone. An equally acceptable, and perhaps 
preferable, name for isoandrostcrone is /J-androsterone, and dchydro- 
isoandrosteronc may be called 3 (ft) -hydroxy-A B -androstcnone-17, or 
A D -androstcnol-3(/9)-oDe-17. These name^ reveal at once the corre¬ 
spondence of the stcric arrangement of the hydroxyl group to that of 
cholesterol. They arc as specific as the cis-trans designations, and they 
imply no assumptions concerning the absolute configurations or a special 
point of reference. 

The proposed system represents only a slight extension of the nomen¬ 
clature currently employed by most authors who have not adopted cis- 
trans prefixes in the naming of compounds, and it retains for a key com¬ 
pound of the steroids the classical name jff-cholcbtanol. Fur the present 
no drastic revision of tradional names is called for. It is probable, if 
not certain, that the so-called a- and /J-oholcstyl halides actually bear 
the configurational relationship to a- and jff-cholestanol implied in the 
names fortuitously assigned to the compounds (p. 392). Unless the 
present indications are not sustained by final evidence, the muncs can be 
retained. Where the prefixes a and ft have been used in assigning provi¬ 
sional names to isomers of unknown structure, as in the case of the 
ergostenols (p 371), any possible confusion will vanish as the structures 
become fully established. Where there is any possibility of confusion 
with such arbitrary and provisional prefixes, the letter indicating a con¬ 
figurational relationship can be attached to the number. p-Cholestanol, 
for example, can be given the more specific name chole&tano1-3(/3). 

If the proposed plan of indicating the configuration at C-, is adopted, 
it would seem logical to extend the system by the use of a compound 
such as dihydrocholesterol as a standard, the configuration of all asym¬ 
metric centers in the molecule being assigned the designation ft. An 
example of this usage is given in the following section. 

Configuration at Ci 7 (addition to p. 240). In accordance with the 
above principles, the saturated diols from androsterone (a) and from 
isoandrostcrone (ft) may be called androstanediol-3(a),17 (androstane- 
diol) and androstancdiol-3(/3),17 (isoandrostanediol). While the diace- 
tatc of the 3(/9),17-diol on partial hydrolysis yields chiefly the 17-mono- 
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acetate , 07 Ruzicka and Goldberg, Helv. Chim . Acta , 19, 99 (1936), found 
that the diaoetate of the epimeric 3 (a) ,17—diol gives the 3 -monoacetate. A 
similar observation was made in the case of the A b -unsaturated diols. 
The greater reactivity of the 3(j8)-acctoxyl group as compared with the 
3 (a)-group had been observed by Vavon and Jakubowicz, Bull soc. chim., 
[4], 53, 581 (1933), in comparing the esters of and a-cholestanol, and 
the chief significance of the new results is in the comparison which they 
afford between groups in positions 3 and 17. The reactivity of an 
acetoxyl group at Cn evidently lies between that of the same group in 
the two epimeric arrangements at C 8 . Ruzicka and Goldberg point out 
that this order of reactivity is understandable only if it is supposed that 
the 17-acetoxyl group occupies a tranR position with respect to the methyl 
group at Cig. If the substituents on the adjacent carbons 13 and 17 were 
present in a cis arrangement, the 17-acetoxyl group would be consider¬ 
ably more hindered than a 3-substituent in either the a- or ^-configura¬ 
tion and would tend to survive hydrolysis more effectively in either case. 
The 17-liydroxyl group of the two diols therefore very probably is present 
in a trans position with respect to the CYi-mcthyl group. 

This discovery raises anotlirr problem in nomenclature. Although 
two cis and two trans arrangements arc possible for substituents at Cu 
and Git, it is sufficient at present to take account of only one pair of 
isomers, since the configuration at C u is the same in all natural steroids 
and an inversion at this position lias not been observed. The terms cis 
and trans furthermore are entirely nppropriatc lo the type of isomerism 
in question, particularly in view of the nature of the evidence upon which 
the determination of the configuration is based. For these reasons 
nndrostancdiol and isoandrostanediol are properly assigned the specific 
names androstanediol-3(a),17(truiis) and androstuncdii)l-3(0) ,17 (trans). 
The term trans defines the 4 steric relationship of the functional group 
in question to the Oi 8 -methyl group, a specific point of reference which 
is not likely to be mistaken and which appears to be fixed for all steroids. 
Should isomers be discovered in whieli an inversion has occurred at Cj 8l 
it might be desirable to define the configuration at (\ 3 normal to the 
natural steroids as of the j9-typc. Androstancdiol could be called the 
3(a),17 (trans Cf 3 )-diol, and an inversion at Ci 3 would give the 3(a),17 
(cis C“ ({ )-diol. Such an elaboration, however, is not required at present, 
and indeed cases are rare in which sufficient evidence is available to 
warrant the indication in the name of the steric arrangement at C 17 . 
Where an inversion at Cn haR been observed but where evidence of the 
configurations is larking, the abnormal isomer is adequately distinguished 
from the normal compound by the prefix iso (see, for example, isoollo- 
prcgnanol-3-one-20, p. 249). 
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Methods of Bio-assay (pp. 241-242). From a comparison of the 
Corner-Alien and Clauberg methods of assay, it is reported that the 
accuracy of the former test can be approached by the Clauberg test only 
if many animals are used and group averages taken. L. E. Young, Proc. 
Soc. Exptl. Biol. Med., 34, 96 (1836). 

The Two Forms of the Corpus Luteum Hormone (p. 243). While 
Fels, Zentr. Gynakol., 59, 2420 (1935), has reiterated the claim that the 
the two compounds differ in their biological actions and are structural 
isomers, Hohlweg and Josef Schmidt, Klin. Wochschr., 15, 265 (1936), 
support the view that they are polymorphic crystalline modifications of 
the same substance and are indistinguishable in their biological effect. 

Isolation of Progesterone (p. 245). In later work, Butenandt and 
U. Westphal, Ber., 69, 443 (1936), developed a more convenient method 
for the separation of progesterone aud the inactive hydroxyketonc 
(allopregnanolone) which accompanies it. On treating the mixture with 
chlorosulfonie acid the companion substance alone reacts, and the result¬ 
ing Bulfuric acid ester is separated easily as the sparingly soluble sodium 
salt (ROSOjNa). The hydroxyketone is subsequently recovered by acid 
hydrolysis. This convenient method of separation greatly facilitates the 
purification of both compounds, and no other companion substances were 
discovered in the extracts. W. M. Allen and Goetseh, J. Biol. Chem., 
116,653 (1936), have described an improved procedure for the extraction 
of progesterone from pig ovaries whereby 25% of the hormone present in 
the tissue may be recovered in a pure state. 

Bromination of A r, -Cholestenone Dibromide (p 250). The action of 
bromine on A r, -cholcatcnonc dibromide, the oxidation product of cholesterol 
dibromide, has been studied extensively by Inhoffen, Ber., 69, 1134,1702, 
2141 (1936), and by Butenandt and Schramm, ibid , 69, 2289 (1936). As 
monobromination occurs at position 4 rather than 2 it is assumed that 
the dibromide is of the roprostane series (A/B:ris). A striking observa¬ 
tion is that the bromine atom introduced at C« assumes different sterir 
arrangements when the bromination is conducted in glacial acetic acid 
(Butenandt) or in ether (Inhoffen). A few of the many interesting 
transformations noted in the course of characterizing the isomeric 
tribromo ketones are indicated in the chart on the opposite page. 
Bromination of the lower melting tribromo ketone results in the intro¬ 
duction of an additional atom of bromine at the 4-position, and the 
resulting tetrabromide on treatment with potassium acetate yields 
A®-cholestenedione-3,4, a compound which can be obtained also from the 
higher melting tribromo ketone and which is capable of functioning in 
an enolic form. Both tribromo ketones arc converted by alcohol and 
sodium iodide into an cnol ether of A*-cholcstcnedione-3,6 which 
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Wmdaua, Her., 39, 2249 (1906), had obtained by wanning the unsatu- 
rated diketone with alcoholic hydrochloric acid. The convereion of 
A^cholehtcnonc dibromide into choleBtonedione-3,6 with boiling alcohol 
was observed by Urushibara and Ando, Bull. Chew. Soc. Japan, 11, 434 
(1936), Ruzicka, Bosshard, W. H. Fisher and Wirz, Hclv. Chim. Acta, 
19, 1147 (1936), and Fujii and Matsukawa, J. Pharm. Soc. Japan, 56, 
642 (1936). The reactions often proceed through various intermediate 
stages, and interesting interpretations involving assumed or established 
additions, eliminations, hydrolyses, and allylic shifts are suggested in 
the original articles. Further observations concerning polybromo deriva¬ 
tives of cholcstenone, rholertanonc, and coprostanone are reported by 
Ruzicka (foe. at.) and by Butcnandt, Schramm, Wolff and Kudsziu, 
Bet, 69,2779 (1936). Dane, Wang and Schulte, Z. physiol. Chem., 245, 
80 (1936), also investigated the bromination of cholestenane (and of 
3-kotocholanic acid) and introduced a useful new method for effecting the 
elimination of hydrogen bromide. 6-Bromo-A 4 -cholestcnoue was con¬ 
verted into A 4,( -cholest adienoue by the action of silver nitrate in pyridine 
solution at room temperature. The interesting 3-keto-A 4 -cholenic acid 
(pp. 255, 370) was prepared by these investigators through 3-keto-4- 
bromocholanic acid. 

In the course of his work, Inhoffen observed that cholestenone (A 4 ) 
is converted by bromine in the presence of hydrogen bromide into 4,6- 
dibromo-A 4 -cholcstcnone, a reaction which he interpreted as proceeding 
through the cnol form, cliolcstadiene-3,5-ol-3, produced by the isomeri¬ 
zation of cholestenone under the catalytic influence of hydrogen bromide. 
This view was substantiated in an investigation of the bromination of a 
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oholestenone end acetate first prepared by Rusioka and W. H. Fischer, 
HeIv. Chian. Acta, 19, 806 (1936), and formulated as a A*- 4 - or A 1 - 1 - 
compound. InhofTen’s observations point to the A^-structure. 

£j»affopregnanol-3-one-20 (addition to p. 250). This substance, 
which differs from allopregnanol-3-one-20 (formula XV, p. 249) only 
in the steric arrangement of the hydroxyl group at C B , was isolated from 
the sterol fraction of 10,000 gallons of human pregnancy urine by Marker, 
O. TCftwim and McGrew, J. Am. Chem. Soc., paper IX, in press. The 
carbinols were separated from non-carbinol material as the sodium salts 
of the half-esters of phthalio acid, and the ketonic fraction was separated 
with the use of Girard's reagent. The epiaUopregnanol-3-one-20 isolated 
amounted to 1-2 mg. per gallon of urine. The compound melts at 162- 
164 a , it is not precipitable with digitonin, and it yields dlopregnanediane 
on oxidation. The new substance occupies an interesting place in the 
genetic series of substances listed on page 252. As a probable reduction 
product of the unsaturated ketone progesterone, it is comparable with 
androsterone with regard to the configuration at C a , and has the configu¬ 
ration at Cg of aIlopregnanol-3-one-20. 

Correlation of Progesterone with Androsterone (addition to p. 250). 
By the conversion of alloprcgnanediol, a reduction product of pro¬ 
gesterone, into androBtanedione, an oxidation product of androsterone, 
Marker, O. Kamm, D. M. Jones and Oakwood, J. Am. Chem. Soc., paper 
VIII, in preBS, established a relationship between the two hormones. 

Specificity of Progesterone (pp. 250-251). Like the A 1 -isomer (II), 
A*-pregnenedione-3,20 has no progestational activity. It is remarkable 
that, although the A s -iBomer can be isomerized to progesterone with 
great ease under the influence of acid catalysts, this change apparently 
does not occur in the organism under the conditions of the test. The 
/J,y-unaaturated isomer of progesterone was prepared by debromination 
of the dibromide in neutral solution (compare p. 359). U. Westphal 
and Schmidt-Thomfi, Bar., 69, 889 (1936). [For a review, see U. West- 
phal, Ergeb. Physiol, exp. Pharmakol., 37, 295 (1935) ]. 

While many compounds cloBely related to progesterone in structure 
do not appear to share the specific physiological properties of the hor¬ 
mone, Klein and ParkcB, Chemistry and Industry, 55, 236 (1936), 
reported that certain of the androgenic compounds prepared by Rusicka 
elicit typical progestational proliferation of the endometrium. Testos¬ 
terone itself gave a partial proliferation in a dose of 20 mg. According to 
a citation of Rusicka and Rosenberg, Ilelv. Chim. Acta, 19, 357 (1936), 
17-methyltestosterone is the most active compound of the group, and 
in a dosage of 7 mg. has an action equal to that of 1 mg. of progesterone. 
Progesterone, on the other hand, has no effect on the comb growth of 
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capons [Albrieux, Bufio, Engel and Morato-Manaro, Klin. Woehechr., 
15, 206 (1936)]. 

Origin of the Oestrogenic Hormones (p, 255). In an attempt to test 
the hypothesis that the oestrogenic agents present in the organism result 
from the degradation of cholesterol, Rondoni, Carminati and Corbellini, 
Z. phyriol. Chem., 241, 71 (1936), allowed mixtures of cholesterol (10 g.) 
and minced liver (200 g.) to autolyse for several weeks at temperatures 
from 37 to 53°. In tests made with benzene extracts, nearly all of the 
mixtures were found to have oestrogenic activity. H. E. Voss and Rabald, 
ibid., 245, 76 (1636), however, reported that in conducting similar experi¬ 
ments they had found the commercial cholesterol employed to have suffi¬ 
cient oestrogenic activity to arcount for the positive results obtained. 
[See also Rondoni, ibid., 245, 78 (19361 ]. 

Origin and Metabolism of Cholesterol (p. 255). Evidence that ooproB- 
tanone iB not an intermediate in the hypothetical conversion of choles¬ 
terol into bile acids in the animal organism has been presented by 
Schoenhcimcr, Rittenbcrg, Berg and Roussclot, J. Biol. Chem., 115, 635 
(1936). Dogs with bile fistulas were injected intravenously with an 
emulsion of coprostanonc-4,5(i2 (p. 123) and the fistula bile subsequently 
collected was examined for the presence of deuterium. It was found that 
although some of the injpeted material had passed through the liver this 
organ had not utilized the sterol derivative in the formation of cholic 
acid, the cholic acid isolated containing no detectable amount of deuter¬ 
ium. Similar experiments with unsaturated ketones and keto acids 
would be of the greatest interest. 

In considering the origin of cholesterol in the body, Windaus 
[quoted by H. Lettr6 and H. H. Inhoffrn, "Uber Sterine, Gallensiiuren, u. 
verw. Naturstoffe,” p. 103 11936) | lias offered the conjerturc that the 
four-ring system comes from oleic acid, through civetonc, the angular 
methyl groups being supplied in a reaction with formaldehyde. A rela¬ 
tion between sterol synthesis and fat metabolism in plants is suggested 
by the observation of MacLachlan, J. Biol. Chem., 113, 197 (1936), that 
as germination in soy beans progresses there is a diminution in the 
total fatB present and an increase in the sterol content In studying fat 
metabolism in the animal organism, Schoenhcimcr and Rittcnberg, ibid., 
114, 381 (1936), found with the use of heavy water that in living mice 
fatty acids are continuously destroyed and replaced, even in fat depots, 
the acids almost certainly being formed by synthesis from carbohydrates 
of the diet. They also demonstrated experimentally that desaturation of 
fatty acids can occur in the living organism \Idem, ibid., 113,505 (1936)]. 

Anohel and Schoenhcimer, J. Biol. Chem., 114, 536 (1936), note that 
the presence of cholestenone as an intermediate product of metabolism is 
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further suggested by the observation that unsaponifiable material from 
arteriosclerotic aortas gives an absorptiou spectrum characteristic of 
a,/?-unsaturatcd ketones. 

Crystalline Substances from the Adrenal Cortex (addition to p. 255). 
Since the discovery | Rogoff and G. N. Stewart, J. Am. Med. Assocn., 92, 
1569 (1929); Swingle and Pfilfncr, Science, 71, 321 (1930) J that the life 
span of adrenalcctomizcd dogs can be prolonged by administration of 
an extract of the adrenal cortex, attempts have been made by various 
investigators to isolate the active hormone or hormones ("cortin”). The 
dog method of assay unfortunately is subject to serious limitations, 
which iB true also of the adrenalectomized-dog muscle test of Eversc and 
de Fremery, Acta Brevia Necrland., 2, 152 (1932), and indeed no really 
satisfactory biological test is as yet available for the evaluation of 
cortical hormone concentrates. The difficulties inherent in the problem 
of isolation are greatly augmented by the inadequacy of the biological 
control, and progress consequently has been slow. Careful fractiona¬ 
tions of extracts of adrenal glands have been rewarded by the isolation 
of a number of crystalline substances, but these all have proved to be 
physiologically inactive, or at the most of low and questionable activity, 
when tested in adrennleetomized dogs. The substances nevertheless are 
of considerable interest, for they are closely related in structure to the 
male sex hormones. 

The chcmiral studies have been conducted by three groups of investi¬ 
gators, the principal papers being as follows: Pfiffner, Wintersteiner and 
Vars, J. Biol. Chcm., Ill, 585 (1935); Wintersteiner and Pfiffner, ibid., 
Ill, 599 (1935); 116, 291 (1936); Reichstein, Hclv. Chim. Acta, 19, 
29, 223, 402, 979, 1107 (1936); Mason, Myers and Kendall, J. Biol. 
Chcm., 114, 613 (1936); 116, 267 (1936). Both Wintersteiner and 
Reichstein made extensive use of Girard’s reagent in separating ketonic 
from non-kctonic material and in differentiating between ketones of 
varying degree of reactivity. Several compounds were isolated in inde¬ 
pendent work in each of the three laboratories, and these are known 
for the most part by the three sets of serial letters originally assigned 
to them. While some of the compounds of Wintersteiner and of Reich¬ 
stein have been identified by direct comparison, and while the cor¬ 
respondence of other substances seems probable, the literature on the 
subject is at present in a state of some confusion. For this reason 
and because the formulas and structures are still uncertain in Borne 
respects, this review will be limited to the citation of a few of the more 
important observations. 

By suitable methods of oxidation, Reichstein was able to convert his 
substances A, C, and D into the same saturated diketone, m.p. 17B°, 
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of the probable formula CioH M 0 8 . Hie compounds E and F similarly 
yielded the unsaturated diketone adrenosterone (m.p. 224°, CigHatOg), 
which had been isolated from the cortical extracts. Subsequently adrenos- 
terone was found to yield the saturated diketone (178°) on hydrogenation 
and consequently all six compounds are now correlated. Since the 
analytical data and the ketonic character of the substances suggested 
a relationship to members of the androsteronc group, Reichstein investi¬ 
gated the action of the saturated and unsaturated diketones in promot¬ 
ing the comb growth of capons and made the striking discovery that 
they both possess strong male sex hormone activity, being about one- 
third and one-fifth as active as androstcrone. A similar observation 
was made by Kendall and co-workers concerning a diketone very similar 
to adrenosterone and possibly identical with RcichBtein’s substance. 
Finally ReichBtcin proved the suRpcctcd relationship to androstanedione 
and androstenedione by the conversion of the saturated diketone (178°) 
into androstane and into audrostanonc-17. One of the carbonyl groups 
of the diketone is evidently located at Cit, and, since a related 
hydroxyketone of the series is precipitated by digitonin, the second 
group probably is situated at the 3-position. According to Rcichstein’s 
observations, the saturated diketone differs from androstancdione-3,17 
by only one additional atom of oxygen, which is present in some unre- 
activc combination. The substance liberated no gas in the Zcrewiti- 
noff test and only two carbonyl groups could be detected with certainty. 
It seems possible that the oxygen atom is present cither in oxidic com¬ 
bination, in a carbonyl group occupying a hindered position (Cu, Cu), 
or in the form of an unresponsive tertiary hydroxyl group (Cg, Cg). 
Adrenosterone is an n,/B-imsaturated ketone, probably the A‘-dehydro 
derivative of the saturated diketone (178°). 

Of the other compounds which Reiclistcin has shown to have the 
androstane ring system with substituents at 3 and 17 and with an unlo- 
cated oxygen atom, two have a saturated ring system hydroxylated at 
Cg and two are a,0-unsatuTated ketones related to adrenosterone. They 
are all C 21 -rompounds and have the carbon skeleton characteristic of 
pregnane or progesterone, a two-carbon group being situated at Cu. 
From present indications the probable structures may be defined further 
as follows: RciehHtein’s compound A (Wintersteiner’s A, probably Ken¬ 
dall’s D), CgiHg 4 _goOr., has a saturated nucleus, a Cj-hydroxyl, an unlo- 
catcd oxygen, and carries at Ci 7 a hydroxyl group and the group 
—CH (OH) CH 2 OH. Rcichstein’s C (Wintersteiner’s D) and D are stereo¬ 
isomers differing from A only in that the side chain in — COCHgOH. 
Reichstein’n F (Wintersteiner’s F, probably Kendall’s E), CsiHig^oOg, 
is an a,j9-unsaturated ketone with the carbonyl group at C a and the 



PLANT HEART POISONS 


«0S 

double band at C 4 -C fl) and the eubBtituente at Cm are hydroxyl and 
—COCHjOH. One oxygen atom is unlocated. From the results of 
the Zerewitinoff test, Eondall was led to believe that the extra oxygen 
is present as a tertiary hydroxyl group, but Reichstein has pointed out 
that the methane liberated may be due to cnolization and that a similar 
result was not obtained with his saturated diketone (178°). The com¬ 
pound E'of Reichstein differs from F only in having the Bide chain 
—CH (OH) CHjOH. 


Chapter VI 

Hew Glycoside (addition to p. 259). From the seeds of Strophanthug 
emini, Lamb and S. Smith, J. Chem. Soc., 442 (1936), isolated after par¬ 
tial enzymatic hydrolysis the innnnside emicymarin, C lV |H 46 0 8 . On acid 
hydrolysis this yielded trianhydroperiplogrnin and digitaloBe. 

Oxidation of Strophanthidinic Acid (p. 264.) Eldcrfield, J. Biol. 
Chem., 113, 631 (1936), has shown in a reinterpretation of earlier work 
of Jacobs, ibid , 57, 553 (1923), that when the lactone ring of strophan¬ 
thidinic acid is saponified and the compound oxidized in alkaline solu¬ 
tion with permanganate, the side chain is degraded to -COCOOH. The 
acid group lactonizeB with the hydroxyl group at Cm and the product 
of the reaction is an a-keto lactone acid of the formula CjxHjoOb 
( previously CsaHgoOg). 

Zerewitinoff Determination (p. 265). From the results of tests made 
with a number of aglycone derivatives, Jacobs concluded that the active 
hydrogen atom of the lactone ring invariably gives one mole of methane 
with the Grignard reagent [Jacobs and Collins, 21 Jacobs and GuBtuB, 
J. Biol. Chem., 74, 811 (1927)]. Tschesrlic and Haupt, Ber., 69, 459 
(1936), questioned the validity of this generalization, for they observed 
no evolution of gas in a test with anhydrouzarigenin benzoate. They 
reported also an apparently anomalous result with anhydroconvallotoxi- 
genin benzoate, but the interpretation in this case is questionable (see 
p. 417. Jaeobs and Eldcrfield, ibid., 114, 597 (1936), subsequently 
examined a number of additional substances and found that usually the 
aotive hydrogen atom responsible for the Legal reaction liberates a full 
mole of gas, although in a few caseB there was a deficiency of 40-60^ 
in the quantity of methane. 

Colorimetric Determination of Molecular Weight (p. 265). Observ¬ 
ing that cardiao glycosides and aglycones having an active hydrogen in 
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the unsaturated lactone ring give with alkaline pierie add solution a 
characteristic orange-red color, Neumann, Z. physiol. Chen., 240, 241 
(1996), developed a colorimetric method for the quantitative determine* 
tion of substances of this group. By comparing the color readings of a 
solution of a cardiac compound with a calibration curve obtained with 
k-strophanthidin, a few milligrams of material can be determined with a 
high degree of accuracy. The colorimetric method can be used for the 
determination of the molecular weight of substances having the charac¬ 
teristic jS,if-unsaturated lactone ring. 

Dehydration of Epullochotaterol (p. 282). Sec p. 362. 

Digozlgenin (p. 283). In a paper published almost simultaneously 
with the first edition of this book, Tschesche and Bohle, Ber., 69, 793 
(1936), on the basis of new experimental evidence, arrived at a formula 
for digoxigenin identical with that suggested by the author from other 
considerations. Tschesche and Bohle established the skeletal structure 
of the aglycone and proved that it belongB to the coprostane series 
(A/B :cis) by degradation through the anhydro compound, the tetrahy- 
droanhydro compound, and the dikrtonc (m.p. 290°) to a saturated 
desoxylactone identical with a lactone obtained from digitoxigenin by 
Windaus and Stein. 44 On oxidizing the diketone (tetrahydroanhydro- 
digoxigenone) one of the rings was opened. As the resulting dibasic keto 
acid gave a diketone on pyrolysis, the ring in question must be ring A 
and consequently one of the original secondary hydroxyl groups is located 
in this ring, probably at C a . Tschesche and Bohle noted that the other 
secondary hydroxyl group can hardly be in ring A, for it then would 
he involved in the oxidative opening of this ring. The 6-position also 
is unlikely, for the dibasic keto acid docs not have the properties of a 
0-kcto acid. Positions 15 and 16 can be eliminated because the anhydro 
linkage of anhydrodigoxigenone would in cither case be conjugated with 
a carbonyl group and the unsaturated diketone would Bhow selective 
ultraviolet absorption, which is not the case. The anhydro linkage 
doubtless would migrate to a position of conjugation with a carbonyl 
group at C T , and hence this position also is unlikely. Of the remaining 
positions, 11 and 12, only the former location accounts for the observa¬ 
tion that the saturated diketone is isomerized, at least partially, by 
alkali. A carbonyl group at Cu, but not at Cu, would be adjacent to 
an asymmetric carbon carrying a hydrogen atom. In this way Tschesche 
and Bohle reached the conclusion that the secondary hydroxyl group in 
question very probably iB located at Cu, as was inferred by the author 
from an entirely different set of facts (p. 283). 

S. Smith, J. Chem. Soe., 354 (1936), succeeded in isolating two 
monoanhydro derivatives of digoxigenin similar to the isomeric com" 
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pounds which he had obtained previously from digitoxigenin [ibid., 
1060 (1035)]. The compounds very probably have the expected A 14,u 
and A ®- 14 structures. One isomer, m.p. 182°, was obtained in a pure con¬ 
dition by crystallisation of the mixture of substances resulting from the 
action of dilute acids on digoxigenin. When this isomer was dissolved 
in concentrated hydrochloric acid at 10°, an unstable diloro compound 
was formed and separated in a crystalline condition. On treatment with 
water, the chloro compound waB rapidly decomposed and the second 
anhydrodigoxigciiin, m.p. 192°, was formed. The method of effecting 
the isomerization seems to be generally applicable. Probably the migra¬ 
tion of the double bond to an adjacent position is the result of the 
addition and elimination of hydrogen chloride (compare a- and j3-ergos- 
tcnol, p. 372). 

Sarmentogenin (addition to p. 283). Jacobs and Heidclbcrgcr 8 
characterized this aglyrone from sarmcntocymarin (m.p. 137°) as a 
trihydroxy unsaturated lactone of the composition Cn,iH. M On. They pre¬ 
pared anhydro-, iso-, and dihydro-sarmentogrnin by the usual methods, 
and also found that the aglyrone on benzoylation in pyridine solution 
forms a dibenzoate. Jacobs and Ilcidclbcrgcr also reported, without com¬ 
ment, the striking observation that only one of the two groups involved 
in the benzoylation reaction was attacked in nn oxidation experiment, 
the product having the composition of a monoketone and giving a mono- 
semicarbazone. (The composition is sufficiently close to that of a dike- 
tone to suggest that the compound may have two carbonyl groups, one 
of them being inert.) In a recent investigation Tschesche and Bohlc, 
Ber., 69, 2497 (1936) [see also Tschesche, ibid., 68, 423 (1935) |, dis¬ 
covered still more definite indirations that one of the secondary hydroxyl 
groups of sarmentogenin occupies a hindered position in the molecule 
and is similar in this respect to the Cu-hydrnxyl group of the isomerir 
aglycone digoxigenin (p. 2831. In fact Tschesche and Bohle found that 
sarmentogenin and digoxigenin have the same structure and differ only 
in the configuration at C#. The correspondence of the skeletal struc¬ 
tures was established by the conversion of both substances to the same 
degradation product. Sarmentogenin yields two anhydro compounds, 
a (m.p. 208°) and p (m.p. 243°), and the first of these on hydrogenation 
gave a tetrahydroanhydro compound fa, and a* mixture). On oxidation 
there was obtained a diketone (a,, mp. 270°) which was converted into 
a monoketone fai and 02 ) on reduction by the Clemmcnsen method. The 
reduction could not be pushed beyond this point and it is now recog¬ 
nized that the inert carbonyl group is located at (V Evidence that 
the group eliminated is located at C a was found in a separate experiment 
involving the opening of ring A and the formation of a pyroketone. In 
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order to remove the oxygen atom at Cu, the ketonic group wae reduced 
oatalytically and the alcohol was dehydrated to the A”- u -dehydrolac- 
tone. On hydrogenation there was obtained a saturated desorylactone 
identical with that prepared from both digitoxigenin (Windaus and 
Stein 44 ) and digoxigenin (Tschesche and Bohle, see above). It was 
established that an inversion at Co occurs in the course of the degrada¬ 
tion of either sarmentogenin or digoxigenin by the preparation from 
digoxigenin of a A*' u -dchydrolactone identical with that from bbt- 
mentogenin (by partial reduction of the 3,11-diketone, hydrogenation to 
an alcohol, and dehydration). This affords additional evidence of the 
location of a hydroxyl group at Cu in sarmentogenin, as in digoxigenin, 
and shows that the two aglycones have opposite configurations at C B . 
From the present evidence it is probable, if not entirely certain, that 
the original C B -configuration of digoxigenin iB retained throughout the 
degradation, while that of sarmentogenin is retained until the asymmetry 
at C>» is destroyed in the formation of the A , ' 11 -dehydrolactone. The 
compounds having a carbonyl group adjacent to the asymmetric center 
offer opportunity for inversion, but isomerization does not appear to 
occur. Since digoxigenin is obtained from plants containing the glyco¬ 
sides digitoxin and gitoxin, and since these companion substances have 
the configuration Rt C-i normal to the sterols and most steroids, Tschesche 
and Bohle think it probable that digoxigenin has the normal configura¬ 
tion in which rings B and C are linked in the trans arrangement. Sar- 
mentogin probably represents a rare type of compound having the 
B/C:cis linkage. This arrangement apparently results in increased steric 
hindrance at the 11-position. In the digoxigenin series a carbonyl group 
at Cu is reduced with some difficulty, but with the sarmentogenin com¬ 
pounds the reduction is completely blorked A corresponding reaction 
with ketonic reagents occurs in the case of anhydrodigoxigenone, if not 
with digoxigenone or with tetrahydroanhydrodigoxigenone, but none of 
the ketones of the sarmentogenin series enter into condensations involv¬ 
ing the carbonyl group at Cu Another striking observation is that the 
saturated alcohol having a lone hydroxyl group at Cu fails to react 
with benzoyl rhloride in pyridine solution. A further point of general 
interest is the observation of Tschesche and Bohle that the A B,11 -dehy- 
drolartone can be hydrogenated in glacial acetic acid solution but not 
in a neutral alcoholic medium The double bond extending to the bridge 
head appears to be comparatively inert 

It is of interest to compare the cardiac activities of the glycosides, 
sarmentocymarin and digoxin, the aglycones of which differ only in the 
configuration at C 0 [The results for digoxin are given by K. K. Chen, 
A. L Chen and R. C. Anderson, J. Am. Pharm. Assoc , 25, 579 (1936), 
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while the data for sarmentocymarin were kindly communicated to the 
author by Dr. E. E. Chen], 

Minimal Systolic Dosage 

Configuration at C,, Cat unit, Frog dose, 

B/C mg. per kg. mg. per g. 

Sarmentocymarin da 031 0.00546 

Digoxin trans 032 0.00250 

Digoxin contains three sugar units of a type easily eliminated on 
hydrolysis (2-desoxy sugar), while sarmentocymarin contains but one 
monose unit, which is resistant to hydrolysis. If differences in the 
glycosidic part of the molecule are of minor consequence, the results 
indicate that an inversion at C» does not influence the cardiotonic potency 
to a very marked extent. On the weight basis the two glycosides are 
of about the same activity according to the oat unit, while digoxin is 
about twice as potent as the other substance in the frog test. Since the 
molecular weight of digoxin is nearly one and onc-half times that of 
sarmentocymarin, a comparison of the substances on the basis of the 
effective aglycone content would indicate a still greater relative activity 
for digoxin in the frog test and greater potency in the cat test. The dif¬ 
ferences, although not great, probably are significant and it iB inter¬ 
esting that the substance regarded as having the more normal steric 
arrangement of rings B and C (trans) is definitely more active than 
the other compound. 

Oxidation of Anhydrodihydrostrophanthidin (pp. 285-286). While 
the oxidation of anhydrodihydrostrophanthidin (I) with permanganate 
in alkaline solution results in the hydroxylation of the anhydro linkage 
at Cii-Cin (and oxidation of the aldchydic group), Jacobs and Elder- 
field, J. Biol. Chem., 113, 611 (1936), found that the reaction takes a 
different course when permanganate is employed in acetic acid solution. 
In this case the aldehydic group is attacked bb before and an oxido 
group is introduced between positions 8 and 14. When anhydrodihydro- 
strophanthidin is oxidized with perbenzoic acid in chloroform solution an 

8.14- oxide is similarly produced. The structures of the oxides were 
established beyond question by a number of transformations, and the 
same remarkable difference in the course of the oxidation with per¬ 
manganate in alkaline and in acidic solution was noted with other anhy¬ 
dro Bglycones. Since the one reaction indicates that the double bond 
occupies the 14,15-position while the other points to its location at the 

8.14- position, JacobB and Elderfield concluded tlmt anhydrodihydro¬ 
strophanthidin and similar compounds probably exist in solution in 
both the A U|U and the A 8 ' 14 forms and that the acidity of the medium 
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determines their relative abundance or reactivity. Isomeric anhydro 
compounds of this type have been isolated from uzarigenin (p, 284), 
digitoxigenin (p. 410), digoxigenin (p. 406), and sarmentogenin (p. 410), 
and it would be of interest to compare the action of oxidizing agents on 
a pair of such isomers. 

Configuration of Strophanthidin (p. 290). JaoobB and Elderfield, 
J. Biol. Chem., 113, 625 (1936), submitted dihydrostrophanthidin to the 

cyanohydrin synthesis and in this way transformed the aldehydio group 

• 

at Cm into - CH (OH) COOH. The acid is not stable in the free con¬ 
dition but combines with the tertiary hydroxyl group at Cr to form two 
stereoisomeric homolactones differing only in the configuration at the 
new center of asymmetry produced in the synthesis. The nature of the 
isomerism and the location of the lactone linkage was fully established 
by suitable transformations. Tseliesche and Bohle, Ber., 69, 2443 (1036) f 
have pointed out that a five-membered lactone ring extending between 
positions 5 and 10 is possible for a cis decalin, but not a trans dccalin, 
type and consequently that strophanthidin must belong to the copro- 
stane series (A/B:cis), like digitoxigenin and gitoxigenin. The correla¬ 
tion of periplogenin with strophanthidin shows that this aglycone also 
has the cis linkage between rings A and B, and from evidence to be pre¬ 
sented below it is now clear that the same is true of digoxigenin, sarmen- 
togenin, and thevetigenin. Uzarigenin is the only aglycone known to 
have the A/B: trans configuration. 

Ouabain (pp. 290-205). The interpretation of the structure and reac¬ 
tions of ouabain presented in the first edition has received some support 
from an observation of Ficser and Newman, J. Biol Chcm ., 114, 705 
(1936), concerning the acetyltrianhydrolactonc (VI, p, 294) from isooua¬ 
bain. As stated on page 294, the validity of the suggested interpretation 
hinges on the question of whether or not the three nuclear double bonds 
of the above lactone and of similar degradation products are present in 
a single, benzenoid nucleus. As the most reliable means of deciding 
this subtle point in comparable cases is from the absorption spectrum, 
this method was applied. It was found that the absorption spectrum 
of the lactone VI is very similar to those of neocrgosterol (I, p. 177) 
and dihydrotrianhydrostrophanthidin (see p. 274). In both of the latter 
compounds ring B is regarded as aromatic. The absorption maximum 
of 270 m/i found for the lactone VI is, according to available evidence, 
characteristic of a benzenoid ring. Perhaps the most pertinent example 
of a compound having a tricne system distributed in more than one ring 
ie dehydroergosterol (p. 175) which shows an absorption maximum at 
320 m/i. 
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The acetyltrianhydrolaotone from isoouabain waa found to react only 
slowly with per benzoic acid and to consume less reagent than would be 
expected for a non-benzenoid triene. It was pointed out further that 
the observation of Jacobs and Bigelow that the lactone can be hydro¬ 
genated in acetic arid solution, but resists hydrogenation in neutral 
solvents, finds a dose parallel in Dirscherl’s findings concerning the 
nuclear hydrogenation of oestrone (p. 384). 

The conclusion that the acetolysis results in the aromatization of ring 
B has been confirmed by Tschcsche and Haupt, Ber., 70, 43 (1937), by 
the determination of thp absorption spectrum of the lactone CsbHbbOb 
from ouabain. As attempts to aromatize ring A of the methyl ether of 
this compound by dehydrogenation with platinum were unsuccessful, and 
because the lactone yields a ketone 72 - 70 which, unlike j9-tctralone, is not 
sensitive to acid oxidation, these investigators have questioned the validity 
of the formulation for ring A suggested by the author for the degradation 
products. They note further that the tentative formula suggested for 
ouabain (I, p. 292) should be revised in the light of recent information 
(see below) by transposing the sugar residue to the 3-position. 

Thevetin (addition to p. 299). In 1933 Chen and Chen M isolated 
the crystalline heart poison thevetin from be-still nuts, the fruit of the 
plant Thevetia neriijoha found in the Hawaiian Islands, South America, 
and India. Attempts to determine the empirical formula by analysis 
led to conflicting views, 04 and unusual difficulties were encountered by 
Elderficld, ibid., 115, 247 (1936), in attempting to prepare sugar-free 
derivatives of the glycoBidc. The whole problem of determining the 
formula and constitution of thevetin was solved in a series of brilliantly 
executed experiments by Tschcsche, Ber., 69, 2368 (1936). The thor¬ 
oughly dried glycosidp is a hemihydrate of the composition CbbHboOib- 
I/ 2 H 2 O, dec. 195°, and a trihydratc is formed on exposure to the air. 
The genin of thevetin occurs in combination with two molecules of 
glucose, present in the form of a gentiobiose unit, and one molecule of a 
methyl ether sugar which probably is digitalose. This sugar has not 
been identified positively, but it is known to contain one methoxyl group 
and to be very resistant to hydrolysis. The aglyconc thevetigenin 
(CmHmOb) is known only as the monoanhydro compound, m.p. 218- 
220°, but the structure is fully established. Thevetigenin iB a ftf-unsat- 
urated lactone (Legal test) having hydroxyl groups at the 3- and 14-posi¬ 
tions. That the hydroxyl group at Cm is uncombined is shown by the 
formation of isothevetin, and consequently the entire glycosidic residue 
is attached at Cs. The aglycone is an epimer of digitoxigenin (IV, p. 
276), from which it differs only in the steric arrangement of the C a - 
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hydroxyl group. Thevetigenin is a 3 (ft) -hydroxy compound of the type 
of oholcsterol, while digitoxigcnin is a 3(a)-compound (epi). 

In establishing these interesting farts, Tschcsche observed that the 
two glucose residues can be eliminated easily by hydrolysis with acids, 
and that on treatment with acetic anhydride and sine chloride the gly¬ 
coside can be cleaved partially to give octaacetylgcntiobiose. The methyl 
ether sugar is so firmly bound that its elimination invariably is accom¬ 
panied by secondary changes. By the action of aqueous alcoholic hydro¬ 
chloric acid on thevetin at the boiling point the two glucoBe units were 
removed, but the tertiary hydroxyl group at O l4 also was eliminated. 
Partial hydrolysis of the methyl ether sugar occurs on more prolonged 
treatment, and anhydrothevetigenin was isolated from the mixture in 
small amounts by precipitation with digitonin. In order to obtain suf¬ 
ficient material for investigation, Tschesehe hydrogenated the crude 
product of partial hydrolysis and submitted the more stable tetrahydro 
product to drastic hydrolysis in order to eliminate the methyl ether 
sugar completely. The tetrahydroanhydrothevetigenin bo obtained was 
not identical with the corresponding saturated hydroxylactone from digi- 
toxigenin, but it yielded on oxidation a ketone identical with tetrahy- 
droanliydrodigitoxigenone. 

It is now possible to evaluate the importance of stereochemical fac¬ 
tors in determining the cardiac activity of typical heart poisons, whereas 
previously an interpretation of the differences noted was purely specula¬ 
tive (pp. 285, 300-301). Except for the nature of the sugar residue, 
which probably is of only minor significance in determining the solubili¬ 
ties, digitoxin, thevetin, and uzarin differ only in the steric arrangement 
at Ca and Cr, in the aglycone moiety. The results of K. K. Chen, A. L. 
Chen and R. C. Anderson, 83 J. Am. Pharm. Assoc., 25, 579 (1936), reveal 
considerable differences in the cardiotonic activities, as indicated in the 
table. Digitoxin, the most active roinpmind of the series in both the 

Minimal Nystolir Dosage 



C, 

Configuration 

C..A/B 

Cut unit, 
mg. per 

Frog dost 
mg prr 
g- 

Digitoxin 

a 

cis 

0.33 

0.0060 

Thevetin 

p 

rig 

092 

0.0045 

Uzarin 

p 

trana 

5.08 

1.5000 


cat and frog tests, is a coprostane derivative of the 3(a)- or ept-type. An 
inversion at C* results in only a moderate decrease in activity while an 
inversion at On as well as at C 3 is attended by an enormous drop in the 
cardiotonic potency. It is evident that allomcrizntion is of considerably 
greater importance than epimerization in determining the physiological 
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properties of both the cardiAC drugs and the sex hormones. The previous 
inference (p. 301) clearly is incorrect. 

Convallatoxln (addition to p. 299). The crystalline glyooside con- 
vallatoxin (m.p. 238-239°), first isolated by Karrer, HeIv. Chim. Acta, 
12, 506 (1929), from the bloBsoniB of lily of the valley (Convallaria 
majalis), is of particular interest because of its unusually high activity. 
The substance surpasses all other known heart poisons in this respect. 
TscheBche and Haupt, Ber., 69, 459 (1936), established for convallatoxin 
the formula CnHszOio by analyses and by determination of the equiva¬ 
lent weight by titration, and characterised the sugar component in the 
form of an osasonc, very probably that of i-rhamnosc. As the glycoside 
gives the Legal test and is isomerized by alkali, it evidently contains the 
usual /Ij-unsaturated lactone ring and Cu-hydroxyl group. In addition 
to the double bond in the lactone ring, convallatoxigenin apparently 
contains another unsaturated linkage which is very resistant to hydro¬ 
genation. The glycoside iB hydrolyzed only with difficulty and conval¬ 
latoxigenin (CasHsiOg) itself was not isolated. After benzoylating the 
crude product of hydrolysis, Tschesche and Haupt succeeded in isolating 
monoanhydroconvallatoxigenin as the monobenzoate, m.p. 279-281°. 
They suggest that the benzoyl group probably replaces the original 
residue attached to a secondary hydroxyl group at C 3 . In the Zerwitinoff 
test two moleB of gas were liberated. Tschesche and Haupt considered 
thiB to be an indication of the presence of two free tertiary hydroxyl 
groups, for in a parallel test with anhydrouzarigenin benzoate they 
observed no evolution of methane resulting from interaction with the 
lactone ring. From the character of the hydrogenation curve it was 
concluded that the anhydro linkage and the double bond of the lactone 
ring absorb hydrogen readily, but that an unreactive nuclear double 
bond is still present. This does not appear to be conjugated with the 
anhydro linkage, for the benzoate BhowB no selective ultraviolet absorp¬ 
tion. 

Assuming the skeletal structure to be the same as in the other 
Css-cardiac aglycones, Tschesche and Haupt suggested tentatively that 
convallatoxigenin has a structure similar to that of periplogenin (II, 
p. 275) but with an additional tertiary hydroxyl group at Cs and a double 
bond at the 9,11-position. This location of the double bond probably 
would account for its inert character (see p. 411) and for the lack of 
conjugation with the anhydro linkage, for the latter probably is at Cu-Cu. 
A hydroxyl group at Cs would not be under the activating influence of 
either double bond of the anhydro compound and might well survive the 
hydrolytic reaction. Tschesche and Haupt expressed the opinion that 
a tertiary group at Cs also would persist during the treatment with acid, 
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but this view has been questioned by Fieser and Newman, J. Biol. Chm., 
114,707 (1036), who pointed out that in analogy with other cases (p. 380) 
one would expect a group at Cg to be activated by the adjacent double 
bonds at the 0,11- and 14,15-positions and to be eliminated easily with 
the establishment of a conjugated linkage at Cr-Ca. These authors sug¬ 
gested that the hydroxyl group in question may be present as a sub¬ 
stituent in the angular methyl group at Cu and that the primary alco¬ 
holic group resists bensoylation because of steric effects. Since Jacobs 
and Eldcrfield, ibid., 113, 611 (1836), recently have shown that in the 
strophanthidin series the CHaOH group at Gi 0 can be bensoylated with¬ 
out difficulty, this view is equally untenable. 

There seems to be no way of accommodating an inert nuclear double 
bond and two tertiary hydroxyl groups to the usual skeletal structure. 
It will be noted that the evidence for the presence of two tertiary hydroxyl 
groups is confined to the observation that the anhydroaglycone benzoate 
liberates two moles of methane in the Zerewitinoff test, and it is possible 
that the observation was misinterpreted. If the reaction follows the 
course more usual for aglycone derivatives (p. 408), one mole of gas comes 
from interaction of the Grignard reagent with the active hydrogen atom 
of the unsaturated lactone ring and the second mole indicates the pres¬ 
ence of a single free hydroxyl group. The evidence regarding the inert 
center of unsaturation also is capable of an interpretation different from 
that given by Tschesche and Haupt. The presence of this linkage is 
inferred from the analytical data and from a Blow and partial hydrogena¬ 
tion observed with the glycoside and the aglycone benzoate after the more 
active double bonds had been saturated. The results would be the same 
if the aglycone contained an aldehydic group at Cio in place of a nuclear 
ethylenic linkage, for the aldehydic group of strophanthidin is hydro¬ 
genated only with great difficulty (p. 265). It is suggested, therefore, 
that convallatoxigenin is a compound with a saturated ring system, with 
an aldehydic group at Cu, and with hydroxyl groups at C», C B , and Cu. 
It is equally possible, but less likely in analogy with other cases, that 
one of the tertiary hydroxyl groups is located at C u rather than Cs. The 
suggested structure iB that of strophanthidin, and indeed it seems pos¬ 
sible that the two aglycones are identical. Jacobs and Collins, ibid., 59, 
713 (1924), report that anhydrostrophanthidin benzoate melts at 287- 
289°, a value not far from that of the benzoate isolated by Tschesche 
and Haupt. If not identical, the substances may be stereoisomers. 

K. E. Chen, A. L. Chen and E. C. Anderson, J. Am. Pharm Assoc., 25, 
579 (1936), found for convallatoxin the following minimal systolic dos¬ 
ages: 0.08 mg. per kg. cat; 0.00021 mg. per g. frog. For cymarin, a glyco¬ 
side of strophanthidin, they found the cat and the frog unit to be 0.13 mg. 
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per kg. and 0.00060 mg. per g., respectively. Convallatoxin is the more 
potent substance in both tests, and it will be interesting to learn if this iB 
due to a difference in the aglycone moiety or in the sugar residue. Cymarin 
contains a 2 -desoxy sugar and the glycosidic linkage iB susceptible to ready 
hydrolytic cleavage, while convallatoxin contains a firmly bound hex- 
ose unit. 

According to W. Voss and G. Vogt, Ber., 69, 2333 (1936), convalla¬ 
toxin probably is the only glycoside of cardiac activity present in Con- 
vallaria majalia, but it is accompanied by other glycoBidic substances. 
The crude extract has hemolytic and soap-forming properties probably 
due to the presence of an imperfectly characterized saponin known aB 
convallarin. From the commercial preparation Gonvallomarin-Merok, 
Voss and Vogt isolated in a nearly pure but non-crystalline condition a 
glycoside to which they gave the name convallamarin, C 44 H 70 Oi B 3HaO. 
The purification was accomplished by a combination of distribution, 
adsorption, and fractional precipitation procedures. The material had 
no more cardiac activity in the frog test than could be accounted for by 
the presence of a trace of convallatoxin, and very feeble hemolytic prop¬ 
erties were attributed to a slight amount of convallarin. Convallamarin 
does not give the Legal test and is not precipitated by cholesterol; the 
presence of one double bond was indicated by hydrogenation. 

The glycosidic part of convallamarin is composed of two rhamnose 
and one glucose units and hydrolysis with aqueous acids proceeds no bet¬ 
ter than in the case of cardiac glycosides which likewise have a hydroxyl 
or metlioxyl group in the sugar unit adjacent to the glycosidic link (rather 
than CH 2 ). Under ordinary conditions hydrolysis is only partial and the 
products are somewhat altered during the drastic treatment required. 
Voss and Vogt, noting in simple cases that the alcoholysis of a glycosidic 
linkage proceeds far more readily than hydrolysis, discovered an excellent 
method of cleavage which should prove of great value in other cases. 
This consisted in allowing a solution of convallamarin in 2 % methyl 
alcoholic hydrorhloric acid to stand for eight days at 35 n . The sugar 
units were eliminated quantitatively as methyl glycosides and the aglycone 
was isolated in excellent yield in unaltered condition. The aglycone, 
convallunaretm, is assigned the probable formula C 20 H 40 O]. It is not a 
lactone, it contains one double bond, and the Zerewitinoff determination, 
even at high temperatures, rrvenlH the presence of only two hydroxyl 
groups. 

Anturins (addition to p. 299). Two isomeric glycosides have been 
isolated from the gum resin of the upaB tree, Antiaria toxicaria, a mate¬ 
rial once uBed as an arrow poison. One form, now known as a-antiarin, 
was isolated by Mulder as early bb 1838, and the /9-isomer (m.p. 225°) 
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was discovered later by Kiliani. Both varieties of antiarin yield the same 
ring compound on hydrolysis; they differ in that the / 9 -form yields rham- 
nose while the a-fonn yields an isomer of rhamnose. In a reinvestiga¬ 
tion of Kiliani's samples, Tschesche and Huupt, Ber ., 69, 1377 (1936), 
found by analysis and lactone titration that the antiarins have the com¬ 
position C 2 UH 42 O 11 . The aglycone resulting from the hydrolysis of the 
glycosides was characterized as dianhydroantiarigenin, CsaHaaOs, m.p. 
165-167°. This substance shows no characteristic absorption in the region 
230-2B0 mfi, and consequently the anhydro linkages are not conjugated 
with one another or with a carbonyl group which Kiliani had recognized 
as present in the glycosides and in the aglycone. Although / 9 -antiarin 
does not respond to sensitive tests for aldehydes, Tschesche and Haupt 
note that the same is true of strophanthidin. As the dianhydro com¬ 
pound contains only one secondary hydroxyl group, these investigators 
call attention to the possibility that antiangenin, may differ 

from strophanthidin only in the presence of an additional tertiary hydroxyl 
group (probably at C B ). 

K. K. Chen, A. L. Chen and R. C. Anderson (loc. cit. 7 p. 417, private 
communication from Dr. K. K. Chen) report the following activities for 
the two glycosides: a-nntinrin, 0.13 mg. icat unit), 0.00050 mg. (frog 
dose); /9-antiarin, 0.10 mg. (cat unit), 0.00039 mg. (frog dose). The 
somewhat greater activity of /9-antiurin in both tests shows that the 
nature of the sugar moiety is of definite, if minor, significance. 

Calotropin (addition to p. 299). Hesse and Rcichencder, Am ., 526, 
252 (1936), established for this African arrow poison the probable formula 
C 2 dH 4 oO 0 . On being heated at 230° in high vacuum, the substance is 
cleaved into calotrupagonin (GuHmQiK an isomer of strophanthidin, and 
a incthylrcductimc acid, probably as follows: 

>CHC • 00,11,0* —» >C=C<+HOOCOOHCH,(?) 

I II I 

HOC—CH 2 

The mcthylrcductinic acid, which in the free state has powerful reducing 
properties, probably is linked to the genin through one of the enolic 
hydroxyl groups, as calotropin is stable in the air. 

Basic Constituents of the Secretions (p. 303). In a further investi¬ 
gation, Jensen and K. K. Chen, J. Biol . Chcm. } 116, 87 (1936), found that 
the "bufotenines” of different origins 03 are identical with the bufotenine 
investigated by Wieland and co-workers. 

Bufotalin (pp. 306-311). In a further investigation of this genin 
and its companion substances, Wieland, Hesse and Hiittel, Ann., 524, 203 
(1936), developed a simpler and improved method of isolation based upon 
the use of chromatographic adsorption. The material was extracted with 
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chloroform from the dried secretion, de-fatted with petroleum ether, and 
adsorbed on alumina from an acetone solution, a yellow impurity serving 
as an indicator for bufotalin. After developing the chromatogram with 
chloroform, bufotalin and a mixture of companion substances were found 
in different sones and a fairly sharp separation was possible. From 
33,000 toads there was obtained 36 g. of bufotalin and about 29 g. of 
companion poisons, or about 2 mg. of active material per toad. 

It was found that bufotalin has the same type of absorption spectrum 
as scillaridin A (p. 299), the maximum in each case being at 300 m/i. 
Since there is a considerable body of evidence indicating thBt the absorb¬ 
ing group of soillaridin A is a doubly unBaturated lactone ring, it seemed 
likely that the same group is present in bufotalin. This inference waB 
strengthened by the observation that the genin was not attacked by per- 
benzoic acid and that on ozonization of acetyl bufotalin a substance giv¬ 
ing a color tcBt for glyoxylic acid was formed, and consequently Wieland 
is inclined to believe that both of the double linkages of bufotalin arc 
located in the lactone ring and that the nucleus is saturated. This view 
would necessitate the rejection of the previous conception of the rela¬ 
tionship between bufotalin and bufotoxin (pp. 304-305), and, if the 
Buberylorgmine residue is eliminated by a process of tme hydrolysis, it 
would have to be supposed that bufotoxin contains one molecule of water 
of crystallization not eliminated in drying: C 2 bH 3 -,Oi • OCOR • H 2 0, 
rather than C 2 R QjtOo • OCOR. Wieland favors this view and suggests 
that the suberylarginine residue is attached to the tertiary hydroxyl at 
Cm. A further difficulty is encountered in attempting to account for the 
relationship of bufotalien to bufotalin and to bufotoxin (p. 310). Since 
the two additional nuclear double linkages of bufotalien produce no 
noticeable effect on the absorption spectrum, Wieland thinks it is unlikely 
that they are conjugated with one another, but if this is the case it is 
difficult to see why they invariably appear concurrently in the dehydra¬ 
tion reactions. The acctoxyl group which is susceptible to ready elimina¬ 
tion along with the tertiary hydroxyl at Cu can hardly be present in 
secondary combination if an activating double bond actually is absent, 
and Wieland considers that it must be located at Cs or Cj. In either 
care the dianhydro compound might contain unconjugated double bonds, 
but it is odd that there should be no differentiation in the ease with which 
they are introduced. It is evident that there arc inconsistencies in the 
interpretation suggested on the basis of the absorption spectra. Bufo¬ 
toxin itself has the same type of absorption spectrum as bufotalin and 
bufotalien, and it is perhaps significant that the relationship between 
the conjugated compound and the dianhydro genin of the series is exactly 
the same bb that between Bcillaren A and soillaridin A (p. 299). In the 



APPENDIX 


m 


latter case it seems very odd that both compounds exhibit similar absorp¬ 
tion maximal for there are definite indications that the dianhydro com¬ 
pound contains a conjugated system of double bonds in the nucleus 
(p. 2B8) and yet there is no evidence of selective absorption at 240 mp 
or at 280 mp, as would be expected if conjugated double bondB were pres¬ 
ent in different rings, or in the same ring, respectively. Both problems 
probably are related, and both remain obscure. 

In the course of their work, Wieland, Hesse and Hiittel made a fur¬ 
ther characterisation of two companion substances observed in the earlier 
investigation of Wieland and Hesse . 1 These substances are acetyl-free 
and may be related to the hypothetical genin C 2 iH u 0 B of which bufotalin 
is the acetyl derivative. Bufotalidin, C 2 4H S 20e, m.p. 228°, contains one 
more double bond and one more hydroxyl group than bufotalin. The lactone 
ring is opened by methyl alcoholic potassium hydroxide and there is formed 
an oxidic ester exactly analogous to isoscillaridinic acid methyl ester (VIII, 
p. 297) . Coupled with the fact that the genin shows an absorption mnyimiiwi 
of 300 mp, this observation clearly points to the presence of the doubly 
unsaturated lactone ring characteristic of scillaridin A. Bufotalimn, 
C 24 H 30 O 0 , also shows an absorption maximum at 300 mp. In the Zere- 
witinoff test for active hydrogen, two moles of gas were liberated at 28° 
and a further mole was evolved at 95°, suggesting the presence of two 
secondary and one tertiary hydroxj-l groups. Treatment with methyl 
alcoholic potassium hydroxide gnve a yellow salt of a stable enol ester. 
That an oxidic ester is not formed may mean that the usual Cu-hydroxyl 
group is absent or that the Rteric arrangement does not permit cycli- 
zation. 

Other Genius (pp. 311-316). Wieland, Hesse and Hiittel (loc. cit.) 
found that the absorption spectra of gamabufogonin and arenobufagin 
are similar to those of scillaridin A and bufotalin, showing maxima in 
the region 300 mp. This is a preliminary indication of the presence in 
theBC toad poisons of the type of lactone ring characteristic of scil- 
laridin A. 

Cinobufagin (p. 312). X-ray crystallographic determinations of the 
molecular weights of cinobufagin, itR acetyl derivative, and of cinobufa- 
gonc have confirmed the previous indications that cinobufagin haB the 
formula CjbHmOb [Crowfoot and Jensen, J. Am. Chcm. Soc., 58, 2018 
(1936)]. Tschesche and Offe, Ber., 69, 2361 (1936), found that the 
absorption spectrum is similar to those of scillaridin A and bufotalin 
fp. 420), having a maximum at about 290 m/i. On ozonization of the 
genin they detected the formation of formic arid, and the presence of 
a free or latent aldehydic group was established in the product of careful 
hydrolysis. These observations strongly suggest the presence of the 
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doubly unsaturated lactone ring characteristic of scillaridin A. As 
Tschesche and Offe observed the formation of a hexahydro compound 
(two forms) on hydrogenation, while Jensen 7 obtained a tetrahydro 
derivative, it is probable that the genin has one nuclear double bond 
which is somewhat inert, in addition to two double linkages in the lactone 
ring. On Baponification of the hexahydro compounds, the acidB formed 
prom])tly undergo dehydration without loss of the acidic character, and 
from thiB Tschesche and Offe inferred that the genm has a tertiary 
hydroxyl group at the 14-position whirh enters into the formation of on 
oxide ring. There are as yet no indications concerning the location of 
the secondary hydroxyl group, the nuclear double bond, and the acetoxyl 
group. 

Bufagin (pp. 314-315). Tschesche and Offe, Bcr., 69, 2361 (1936), 
found that bufagin ("marinobufagin < ’) has an absorption maximum at 
300 mp and absorbs three moles of hydrogen on catalytic hydrogenation. 
Two of the double bonds probably are located in the lactone ring and, 
since Jensen and Evans 11 obtained a tetrahydro derivative, the third 
double bond seems to be fairly inert and may be situated in the nucleus 
(possibly at Cg-Cn). Jensen (private communication) has suggested 
that the group at Cio is CHjOIi rather than CITO, as proposed in the 
first edition, and if this is the case the genin probably contains two 
tertiary hydroxyl groups (possibly at C-. and C u ). 


Chapter VII 

Triterpenoid Sapogenins (pp. 318-321). The investigation of the 
structures of compounds of this group continues to attract considerable 
interest, but the problem is not yet Bolved and the views of prominent 
workers in the field are still speculative and provisional. Ruzicka lias 
abandoned the skeletal structure previously attributed to ring A of the 
triterpenoid compounds (I, p. 320) on the basis of dehydrogenation exper¬ 
iments [Ruzicka, K. Hofmann and Frci, Ilelv. Chini. Acta, 19, 386 
(1936)]. The trimcthylnaphthol isolated in Borne of the experiments 
waB believed to be a 1,2,7-trimethylnnphthol because it yielded a hydro¬ 
carbon at first regarded as sapotalene on treatment with zinc dust at 400°, 
but the substance was not identical with any of the five possible hydroxyl 
derivatives of sapotalene, all of which were synthesized for comparison 
[Ruzicka, Hosli and K. Hofmann, ibid., 19, 370 (1936)]. Suspecting that 
a rearrangement occurs in the zinc dust distillation, and in order to avoid 
this complication, the trimethylnaphthol was converted into a perhydro- 
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was at first believed to be 1 , 2 , 8 -trimethy lnaphth alcne, but in later work it 
was identified as 1,2,5-trimethylDaphthalene [Rusicka, K. Hofmann and 
Schellenberger, ibid., 19,1391 (1936) ]. The hydroxy compound obtained 
by dehydrogenation was found to be identical with synthetic 1 , 2 , 5 -tri- 
methyl- 6 -naphthol. To account for the formation of this substance, 
Rusicka altered his proposed formula, for example for oleanolic acid 
(IV, p. 321), by retaining the hydroxyl group at position 2, transposing 
the gem .-dimethyl group to 1 , and moving the angular methyl group to 
the bridge head adjacent to position 4 . 

Further experiments on the degradation of oleanolic acid and sumare- 
sinolic acid have led Rusicka to alter also the formulation of ring E 
[Rusicka, Hosli and K. Hofmann, ibid., 19, 109 (1936); Rusicka and E. 
Hofmann, ibid., 19, 114 (1936)]. The earboxyl group is transposed to 
the alternate bridge head and the double bond iB moved to the adjacent 
y, 8 -position in the ring. The properties of betulin can be interpreted 
satisfactorily on this basis [Rusicka and Isler, ibid., 19, 506 (1936)]. 
Gypsogenin hus been related to the most extensively characterised com¬ 
pounds of the group. Rusicka and Giaromcllo, ibid., 19, 1136 (1936), 
converted this substance into oleanolic arid on reduction of the car¬ 
bonyl group by the Wolff-Kishner method. 

In an attempt to identify the pirene homologue obtained as a dehy¬ 
drogenation product. Rusicka and Miirgoli, ibid., 19, 377 (1936), synthe¬ 
sised the 3, 8 -dimethyl and the 3,9,1 0 -trimethyl derivatives of picene, 
but neither substance was identical with the degradation product. Drake 
and Duvall, J. Am. Client. Soc., 58, 1687 (1936), obtained sapotalcne, 
2,7-dimethylnnphtlmlene, and a picene homologue from ursolic acid by 
selenium dehydrogenation. 

From his studies of the degradation of olrannlir acid and hederagenin, 
Kitusato, Acta Phytochim. (Japan), 9, 43, 61, 75 (1936), has arrived 
at a provisional conception of the structures which is somewhat different 
from his earlier formulation (V, p. 3211 but very similar to that most 
recently suggested by Rusicka. TIiR formulation of ring E coincides with 
that of Rusicka except that the double bond is placed at the alternate 7 , 8 - 
position; in ring A the hydroxyl and gem .-dimethyl groups nre assigned 
the positions 2 and 1 , respectively, as above. A hydroxyl group in this 
position of the phenniithreiie ring system (ABC1 would correspond to the 
characteristic Cs-hydroxyl group of the sterols. According to Askew, 
J. Chcm. Hoc., 1585 (1936), the results of surface film measurements ore 
in aerord with this formulation [see also Spring, Chemistry and Industry, 
55,964,1050 (1936)]. 

Other work on the triterpenoid sapogenins is reported in the following 
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papers: Ruhkopf and MohB, Ber., 69, 1522 (1936); Grasshof and Wede¬ 
kind, ibid., 69, 2686 (1936); Sone, Acta Phytochim. (Japan), 9, 83 
(1936); Kuwada, J. Pham. Soc. Japan, 55, 1258 (1935); 56,469 (1936); 
Fujii and Matsukawa, ibid., 55,1322 (1935); 56, 408 (1936); Nozoe and 
Katsura, J. Chem. Soc. Japan, 57, 692 (1936); Ruzicka and Leuenberger, 
Helv. Chim. Acta, 19, 1402 (1936). 

The substance* friedelin and cerin, whieli can be extracted from cork 
with ethyl acetate, have been recognized as triterpenoid compounds by 
Drake and co-workers (Jacobsen, Shrader, rumpbell, Haskins), J. Am. 
Chem. Soc.. 57, 1570, 1854 (1935); 58, 1681, 1684 (1936). Friedelin 
(CjoHdoO) is a ketone, cerin (CmQwOs) is a hydroxyketone, and both 
compounds can be converted into the same hydrocarbon. The triterpe¬ 
noid character was established by the observation that the alcohol from 
friedelin on dehydrogenation with selenium yields sapotalene, 1,2,8-tri- 
methylphenanthrcnc, and a picenc homologuc. By oxidative degradation 
it was found that friedelin contains the group —CH s COCH<. 

Another compound apparently related to olcnnolic acid and hedcr- 
agenin is quinovic acid, whirh has been studied by Wieland and co¬ 
workers (Erlenbarh, Hoshino, Utzinn, K Kraus, A Hartmann, Dictrirh), 
Ann., 453, 83 (1927); 479, 179 (1930); 488, 242 (1931); 497, 140 (1932); 
522, 191 (1936). The compound is obtained by the hydrolysis of the 
glycoside quinovin, found in cinchona bark. Quinovic acid is a hydroxy 
dibasic acid, C 30 H, h O-, It loses carbon dioxide readily when heated and 
yields pyroquinovic acid. Dehydrogenation with Hclcnium affords in 
unusually good yield a hydrocarbon (CjiHjo) which was characterized 
as a picene homologue by examination of the absorption spectrum. In 
addition to this evidence, the chemical properties of the compound 
indicate a relationship to the triterpenoid sapogenins. 

Other additions to the large group of substances now classified as 
triterpenoid in character are the alcohols lanosterol and onocerin (p. 
358, which previously were regarded as sterols. 

Hew Saponins and Sapogenins (pp. 321-324). TscheBche, Ber., 69, 
1665 (1936), isolated tigonin in a pure condition from D. lanata by pre¬ 
cipitating the substanre as the sparingly soluble and nicely crystalline 
molecular compound with cholesterol. Tigonin was recovered from puri¬ 
fied cholesterol tignnide by dissociation with pyridine and precipitation 
with ether. The addition compound contains one molecule of each com¬ 
ponent. As the solubility in alcohol (0.15 g in 100 cc. of 95% aleohol 
at 18°) is considerably greater than that of cholesterol digitonide (0.014 
g.), tigonin is less suitable than digitonin for use as a precipitant. 
Tschesche noted that, since the sugar residue of tigonin can be linked 
to the aglycone nucleus only at the Cs-hydroxyl group, this probably 
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represents the point of attachment of the glycoside units of the other 
saponine. The plant heart poisons are now recognised as being similarly 
constituted in this respect. 

From the California soap plant Chlorogabm pomeridianum, Jure and 
Noller, J. Am. Chem. Soc., 58, 1251 (1936), isolated a crystalline saponin 
to which they assigned the name amolonin (see table, p. 324). The agly- 
eone obtained on hydrolysis is identical with that from tiganin. Smila- 
genin, a substance which appears to be an isomer of sarsasapogenin and 
which is more soluble than this Bubstance, was isolated from Jamaican 
sarsaparilla root (Smilax omata) by Askew, Farmer and Eon, J. Chem. 
Soc., 1399 (1936). Smilagcnin is precipitated slowly by digitonin and 
yields a desoxy compound different from desoxysarsaBapogenin. 

Structure of Digitogenin and Gitogenin (pp. 323-336). At the time 
of the publication of the first edition it was not known with certainty 
whether the hydroxyl groups in ring A of digitogenin and gitogenin are 
situated at the 2 - and 3 -positions or nt positions 3 and 4. The evidence 
from the early literature on this point was in some respects definitely 
contradictory, as certain of the observations indicated the 2,3-structure 
while other data were reconcilable only with the alternate formulation 
(pp. 325-327, 335-336). The most important arguments in favor of 
plaring the hydroxyl groups at the 3- and 4-positions centered around 
the composition and properties of the “acid A" of Windaus and Willcr- 
ding (pp. 326, 334). While the alternate formulation afforded a much 
more reasonable interpretation of many of tho reactions of the genins, 
it seemed to be definitely excluded on the basis of the properties attrib¬ 
uted to ncid A by Windaus and Willerding. Recognizing the importance 
of evaluating this evidence, TBcheschc and Hagedom, Ber., 69, 797 
(1936), reinvestigated the acid and its derivatives. They found the 
early work to be seriously in error. Acid A is not Cs«H m 0 i 2 , as it was 
at first supposed, or C 2 TH 40 O 12 , according to the revised formulas of the 
genins, but PsiHuOu.HaO. The acid is tetrabaBic and not pentabasio 
and it is not a compound of the malonic acid type but a /3-keto acid. The 
early analyses of the decarboxylation product, “acid B,” and of its ester 
also were found to be erroneous. Acid B is a tribasic acid of the com¬ 
position CsiiHiiifVH'O, and the ester does not liberate methane in the 
Zerewitinoff test. All of the arguments based upon the previous reports 
clearly fall into the discard, and the balance of evidence now indicates 
almost beyond question that the hydroxyl groups in the terminal ring of 
digitogenin and gitogenin are located at C 2 and Cg. 

On the basis of tho revised formulas for acids A and B and the new 
evidence concerning the nature of these substances, Tschesche and 
Hagedorn suggested formulations consistent with the 2 ,3-structure which 
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provide an entirely rational account of the observations. The incon¬ 
sistencies in the alternate interpretation of other relationships also 
vanish. Digitogenic acid no longer need be regarded as a 0-keto acid of 
unique properties, but can be assigned the more rational formula of a 
y-keto acid (V, p. 326). The formation of an enol lactone from the 
trimethyl ester of oxodigitogenic acid (p. 335) becomes understandable, 
and the opening of ring A in the oxidation (p. 336) follows the course 
expected in analogy with other cases. The only observation with which 
the revised formulas do not appear to hr in harmony is the difference 
in the velocity of hydrolysis of the two ester groups of gitogenic ester 
noted by Jacobs and Simpson 27 (p. 327). It seems necessary to conclude 
that such evidence does not provide a reliable guide in the determination 
of structure. 

Since acids A and B do not have the formulas or the properties 
originally attributed to them, the reasoning leading to the proposal of an 
ethylene oxide structure for the sapogenin side chain (p 334) is no 
longer valid. The suggestion, however, still merit* consideration and 
further evidence will be required in order to distinguish between the 
alternate formulations for the terminal part of the side chain. 

Determination of Empirical Formulas by Analysis (nddition to y. 
325). Frequent reference has been mnde to the difficulty in determining 
the formulas of natural products by dirert analysis fpp. 133, 291, 295, 
325), and to the difficulties often encountered in the rombustinn of 
phenanthrene derivatives (pp. 54, 206, 225). Ordinary carbon-hydrogen 
determinations are not sufficiently precise to distinguish between homo- 
logucs of molecular weights of the order of 350-450, where the differences 
in the composition for alternate formulas is no more than 0.06-0.5% 
carbon and 0.09-0.2% hydrogen, depending upon the amount of oxygen 
present in the compound. In some eases it is possible to analyze deriva¬ 
tives having higher percentages of oxygen, halogrn, or nitrogen than the 
parent substance, for this may incrcnse the spread in the carbon values 
for alternate fonnulns differing by CH S to as much as 0.4-0.6%, 
although the hydrogen values arc hut little affected. Reinitzer, Monatsh., 
9, 421 (1888), characterized cholesterol hy the analysis of the acetate 
dibromidc, Windaus, v. Werder nnd Gschaidcr, Bn., 65, 1006 (1932), 
made use of sterol brnmoacetalcs nnd nitrobenzoatos, and Drake and 
Jacobsen, J. Am. Chem. Soc., 57, 1570 (1935), employed p-iodobenzoyl 
derivatives. 

Naturally occurring acids and lactones often can be characterized 
satisfactorily by a careful determination of the neutralization equivalent 
[Windaus and Brunken, Z. physiol. Chem., 140, 48 (1924); Stoll, A. 
Hofmann and Peyer, Helv. Chim. Acta, 18, 1247 (1935)]. In the case of 
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an alcohol, a determination can be made of the saponification equivalent 
of the acetate or benzoate [Vesterbcrg, Ark. Kemi, Minerol. Geol., 9, 
No. 27,1 (1926); Randqvist and Gorton, Her., 63, 1935 (1930); 64, 2167 
(1931); Windaus, v. Werder and Gschaider, loc. cit.]. Drake and 
Jacobsen (loc. cit.) determined the saponification equivalents of a senes 
of homologous esters. In any of the methods depending upon acidimetry, 
it usually is necessary to employ a rather large sample ( 0 . 5-1 g.) in 
order to determine the molecular weight with an arcuraey of 2-3 units 
(Stoll, Sandqvist). 


The X-ray and rry&tallngraphic method also is of distinct value in 
the determination of molecular weights in those cases where it is applic¬ 
able (pp. 308, 312, 314, 421). All these methods have been found useful, 
and yet they all ore subject to some limitations. 

Recently Fieser and Jacobsen, J Am. Chem. Soc., 58, 943 (1936), 
applied to the problem the trrhniquc of precision combustion developed 
by Baxter and Hale, ibid , 58, 510 (1936), in an investigation of the 
atomic weight of carbon The combustion is conducted at a rather high 
temperature in a quartz tube with a filling of platinum catalyst and a 
fairly short layer of copper oxidr Typical results obtained in individual 
analyses with samples weighing about 1 g. are as follows (calculated for 
C=12.01). 


Tii}ihrnvH>cnzcni< (Cj,H u ) 
Dihydro cholesterol (C„H m O) 
ChloroRcnin (C„H«0,) 
RunutMLpoKeDin (C^ILOj) 

Fichtelitc (CJIJ 


•?, C ", H 


Found 

Celled. 

Fount! 

CoJcd. 

94.074 

94,079 

5918 

5.921 

83.439 

83.436 

12.433 

12 447 

74.961 

74 956 

10.250 

10250 

77 827 

77 835 

10 644 

10J644 

(86 875) 

86545 

13 062 

131156 


In general the results agreed with the theoretical valueB within 0.02% 
for carbon and 0 . 01 % for hydrogen, and it i« evident that in at least 
some cases substances of both plant and animal origin can be prepared 
in a very high state of purity. The percentages found for sarsasapogenin 
fully eonfirro the C 27 -fonnula. The preci&ion analysis of chlorogenin led 
to a revision of (he formula C 211 II 42 O 4 previously attributed 2 ® to the 
sapogenin on the basis of numerous macro- and micro-analyses of the 
compound and its derivatives, of saponification equivalents, and of molec¬ 
ular weight determinations. 

Sarsasapogenin (p. 336). From surface film measurements Askew, 
Fanner and Kon, J. Chem. Sor., 1399 (1936), found for tigogenin, 
gitogenin, and sarsasapogenin the limiting areas 38, 39.5, and 42 sq. A 
per molecule, respectively. The accepted formulas for the first two com¬ 
pounds are entirely consistent with the areas found. The value for 
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sarsasapogenin, however, cannot be reconciled with a formula in which 
the water-attracting hydroxyl group is at Cu, as suggested by Simpson 
and Jacobs, rather than at the end of the molecule. From an examination 
of models the English investigators conclude that the hydroxyl group can 
only be accommodated at C 2 , C* or C*. They note that the 4-position is 
unlikely because sarsasapogenin (but not its epimer) is precipitated by 
digitonin, in contrast to 4-cholestanol and itB epimeric form. The fact 
that sarsasapogenone is not isomerized by fairly vigorous treatment with 
alkali also indicates that the carbonyl group probably is not at the 
a-position 4, although by analogy with the a-decalones this argument 
may be valid only in the cis (coprostane) series. 

From the fragmentary information at present available, it appears 
likely that sarsasapogenin is a coprostane derivative hydroxylated in the 
usual sterol position (C 3 ), that is, that it has the same structure as 
tigogenin hut differs in the manner in which rings A and B are joined. 
The dibasic lactone acid III would then have the formula II, p. 332 
(erroneously attributed in the first edition to the oxidation product of 
gitogenic acid), while the lactone VII would be assigned the structure 
of V, p. 331, and the configuration of a coprostane, rather than a choles- 
tane, derivative. (According to a preliminary report f Chemistry and 
Industry, 55, 025 (1936)] which has become available since the above 
was written, Kon and Fanner have degraded sarsasapogenin to actiobili- 
anic acid. This result proves that the sapogenin belongs to the coprostane 
scricB and that one of the oxide rings is linked to Cm) . 

Alkaloids Related to the Sapogenins (addition to p. 337). There are 
indications that rertain alkaloids and alkaloidal aglyconcs contain the 
reduced cyclopcntenophenanthrene ring system and arc in fact closely 
related in structure to the steroid sapogenins. The eyes or BhootB of 
potatoes contain the glycoalkaloid solanine, together with the correspond¬ 
ing aglycone, solanidine. The formula established for solanidine, 
C27II43ON, is suggestive of a relationship to the sapogenins of the 
digitalis group or to cholesterol, and like the latter compound solanidine 
contains one double bond and is precipitated by digitonin. Soltys and 
Wallenfcls, Ber., 69, 811 (1036), defined these relationships more clearly 
than in the earlier literature and, in order to extend the evidence, they 
submitted to dehydrogenation with selenium the anhydro derivative of 
solanidine, known as solanthrene or solanidiene. From the reaction 
mixture they isolated a substance which was fully identified as the Diels 
hydrocarbon. In analogy with the many known cases, this establishes 
the nature of four of the six rings indicated by the analysis and proper¬ 
ties. Soltys and WallenfelB noted that the preoipitability with digitonin 
affords some indication that the hydroxyl group is located in the 3-posi- 
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tion, and they suggested that the double bond may occupy a position 
corresponding to that of oholesterol. Clemo, W. M. Morgan and Raper, 
J, Chem, Soc., 1299 (1936), suggested a plausible if entirely provisional 
formulation which incorporates the nitrogen atom into the cholesterol 
side chain. Their formula represents solanidine as differing from choles¬ 
terol only in having the side chain: 



From the leaves of the South African winter cherry, Solarium pseudo- 
capsicum, Barger and Fraenkcl-Conrat, ibid., 1537 (1936), isolated the 
alkaloids solanocapsine and solanocapsidine. The provisional formulas 
are CaHuOaNj and C 20 II 42 O 4 N.., respectively. The second of these sub¬ 
stances on dehydrogenation with selenium yielded the Diels hydrocarbon. 
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physiological activity, 256-257, 299-302, 
411-412, 415-416, 417-418 
sugars, 259,261 
Carotene, 240, 255 
Caryocarwipogcnin, 319 
Cerrn, 424 

Ch f an Su, 302, 303, 312-314 
Chpnodesoxyrhnlic acid, 123, 124, 125, 
126. 127, 366 

Chlornfllfocholanic acid, 3(a)-, 392 
3(0)-, 392 

Chlorooi/orholanic arid, 3(a)-, 392 
3(0)-, 392 

Chloroandrostenone, 232, 393 
Chloroandrosterone, 233 
a-, 230, 233, 392 
0-, 230. 392 

Chlorocodide, a-, 34, 35 
0-, 34, 35 

Chlorogenin, 324, 327. 429 

5-Chloroisoandrohtei one, 397 
Chlnromethylenefomininidine, 341 

4- Chlorn-7-mothylhydrindcne, 354 
A* M -Choladienic acid, 366 
A 4, '-Choladienic acid, 369 
Choladienic acids, 124 
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GhoJanic acid, 124, 127, 130-137, 146, 166 
Cholanthrene, 90, 349 
syntheses, 99, 106, 108-109 
Gholanthrone, 109 
Cholatricnic acid, 124,158 
"Choleic” acid, 129-130 
Choleic u rid principal, 131, 368 
Choleic acids, 129-132, 368, 369 
Cholcnic acid, A*-, 124, 366 
A 1 -, 124, 366 
A--, 366 
A*-, 360 
A T -, 366 

Cholpstadicne-3,5-ol-3, 403 
A^-Cholestadienonr, 403 
Cholestone, 114 
configuration, 113-114 
oxidation, 136 
preparation, 134 

Cholestfinedionc-3,6, 157-158, 403 
Cholcstanetriol-3,5,6, 157 
-3,6,7, 335 
n-Cholestanol, 392 

0-Cholostunol, 392, 409. ,sn dihydro- 
oholestcrol 

4-Cholestanol, 120, 335, 428 
Chnlestonone, 115, 116, 384, 403 
Cholcstene, 134 
A 4 -Cholostenci]ionr-4,6, 402 
A*-Cholestenedionp-3,4, 402, 403 
A'-Cholestenone, brominution, 403 
hydrorhJoridr, 134 
oxidation, 152 
preparation. 115. 359 
reduction, 116, 282, 361 
role in metabolism, 123, 255 
separation, 384 
A'-Chnlcstenone, 359, 303 
dibromide, hromination, 402-403 
Cholesterol, 111, 113 
biologiral degradations, 122-123. 180. 

251-252. 255, 405-406 
colloidal solution, 357 
conversion to uni InM crone, 226-230 
dehydration, 362 
dchydrngcnulinn, 149. 166. 371 
dibromide, 113, 113. 120, 134 
digitonide, 118-119, 332, 361 
function, 122 
irradinlion, 178, 378 
isomers, 361-364 

methyl groups, 152-154, 371, 387 
microdetemnnntion, 360-361 
occurrcnre, 112-113, 303, 357 
origin, 120-121, 122, 255, 405 
oxidation of side chain, 135-136, 227 
preparation, 112-113. 358 
purification. 113, 119 
revision of old formulas, 148-152 
structure, 154-158 
tigonide, 424 
^-Cholesterol” 361 
Cholesterol, 364 


Cholestciyl acetate. 119, 136, 167, 364 
dibromide, 234, 393-394 
f-Cholesteryl acetate, 364 
Cholnsteryl chloride, 134, 157, 230, 363, 
364 392 

Choirslerylenr. 362, 363 
Cholcskryl estera, 112, 357 
Cholesteryl ethers, 363-364 
Cholestyl chloride, 157 
a-, 230, 392-393 
P-, 230, 392-393 
Cholic arid, 111, 124, 126 
dehydration, 124, 132, 282 
dehydrogenation, 158-159 
3,7-diarelate, 138, 139 
isolation, 125 
molurular rompounds, 129 
occurrcnrc. 123, 124 
Choloidanic arid, 141, 142, 145 
Chromatographic adsorption analysis, 19, 
101, 379, 419-420 
Chrysene, 10, 18, 389 
carcinogenic action, 91 
from natural products 149-150,158, 208, 
308 

purification, 18-20 
reactions, 343 

synthesis, 20-22, 110. 162-163, 355 
Chrysofluorcne, 91, 162, 

Chrysogenq, 18-20, 101 
Chuung syntheses, 391 
Cilinnic acid, 143-114 
Cdoidanic acid, 144 
Cinchnl, 113, 229, 231 
Cinobufjigin, 312-313, 314, 421-422 
Cinoliufagone, 421 
Cluulierg test. 241-212, 402 
Clcmmr nvn reduction, modified, 72, 137, 
347. m 

Coal lai\ cancer, 81-85 
rhrysogens, 18-20 
hydrocarbon*’, 1. 4, 16-22, 83-84 
Cobalt resinnfe, 52 
Cuderhol, 132 
Codeine, 24, 25, 20. 31, 35 
Codeinonc, 25, 34. 37 
Cnlchirine, 38, 343 
Colophony, sre ro*in 

Color reactions, cardiac aglvcones. 265, 
408-409 
ketones, 383 

oestrogenic hormones, 194-195, 202, 382 
sterols, 117, 118 
Convalluiiiuretin. 418 
Convallamarin, 418 
Comallarin, 418 
Cnnvullutoxigcmn, 416-417 
ConuiNatoxin, 416-418 
Comb growth test, 224, 230-237 
Copal, 49 

Ooprostane, 113-114, 134. 138-137 
Coprostanonc, 115-116, 123, 384 
■4M, 123, 405 
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Coprosterol, 113 
aigitonide, 119 
occurrence, 122-123 
oxidation, 141, 228 
preparation, 115,116 
Coraer^AUcn test, 241, 402 
CoipUB luteum hormone, see progestin, 
progesterone 
bio-assay, 260-251, 402 
function, 189, 240-242 
specificity, 250-251, 404-405 
Cortin, 406 
Corydaline, 44 
Corydalis alkaloids, 42 
Cory dine, 42 
Corytuberine, 42 

Coxcomb test, sre comb growth test 
9-Cyunoplicnanthrene, 342 
Cyclamirclin, 319 

Cyclical ion, Bischlcr-Napieralnki, 33, 41, 
221 

Blanc rule, 140-141 
Bougault, 220, 221, 223, 387-388 
by Darzens marl ion, 390, 391 
mechanism, 78, 348 
pyrolytic, 99 

reagents. 72, 98. 161. 222, 3.16 
Cyplorlphydratinu, 78, 79, 107, 35C1, mu 
also EIIjh n*artion 
Cycldhexancspirncyelopcntanc, 162 
Cydohrxriiionc-2-arctic ester, 356 
Cyrlohydnition, 356 

Cvclopenteno-l^-bpnzantlim mip,5.6-. 88- 
89,102, 217 
6,7-, 102 

1,2-Cyclopcntrn ophi ■minthrcn p , 160-161 
Cyclopentnnotriphenylrne, 370 
Cymarin, 258. 259. 2G0, 300, 417-118 
Cymarosc, 258, 259, 2G0, 201 
Cystic mastopathy, 218 

Durxrns rrnrtion, 390, 391 
Darzens synthesis, 79-80, 348 
Debrominntion, 115, 234 . 236, 246. 359, 
404 

Dehydration (*re also pyrlodehydriitionl 
allocholestprols, 282, 361, 362 
bilp arids, 124, 365-360 
cholesterol, 362 
rpfpholpHtrrol, 363 
0-hydroxy ketones, 157, 172, 277-278 
oostriol, 200 

aJ3-unsatumt.ed alcohols, 26, 175, 280- 
282, 293, 298. 311. 315, 362 
Wagncr-Mecrwein, see rearrangements 
AM>nydro-A 4 -ftmlraslpnedittnp-3.17, 398 
Drhydrochenodesoxyeholic arid, aw 3,7- 
diketnrhol&nir acid 
7-Drhyrtrocholcstcnr, 371 
7-DrliydrorholcsteroI, absorption spee- 
tmm, 374 

irradiation product, 181, 377, 378. 379, 
380 


7-Drhydrocholesteroi, preparation, 180- 
181 

reactions, 374 

Dehydrocholic acid, 137,138,143-144 
biological reduction, 127-128 
Dchydrodesoxyrholir acid, 138, 367 
oxidatiou, 140 
reduction, 167 

Dehydvoergosterol, 175-176, 413 
Dehydrogenating agents, aluminum chlo¬ 
ride, 7 

copper oxide, 115 
mercuric acetate. 175, 373, 375 
palladium charcoal, 58, 70, 149, 346 
phenanthrenoquinone, 105 
platinum black, 108. 163, 388 
selenium. 58. 149, 158, 159, 358, 391, 
424, 428, 429 

selmimn dioxide, 369, 373 
sulfuric arid, 160,161 
zinc, 98, 208 

Dehydrogenation, ahietic acid, 53, 58, 62 
ngafhic acid, 69 
bile acids, 158, 371 
bufntalin, 308 
rartliac aglyeonPH, 287-288 
rinobulagin, 313 
pquilm. 212-213 
E'rgoslerol, 373 
a-ergohternl. 373 
firhtelitr, 70 
hydrindeiiPH, 159, 370 
isoagalhir acid, 09 
ketotetrahydrobenzpyrene, 98 
lanoKtrrol-ugnosterol, 358 
neoergostrrol, 177 
ortahydrophrnanthrene, 76 
oerirone, 208 
nnorerin. 359 
r/-]iimaric arid. 6G 
pspudobufotalin. 313 
solanthreue, 42K 
solanorapsidine. 429 
sterol-like sapogenins, 327-328 
sterols, 159, 166, 167 
synthetic arids, 65 
(ptrahyilrolevopinuirir r*ler, 346 
Iriterpene alcohols, 319 
Iriterpenoid sapogenins. 318-320 
DchydrohyodesoxyoHocholic acid, 155 
Dohydrohyodesoxyrholic arid. 155 
Dehydroisoandrosterone, 232-234 
dibromide, 236 

origin and metabolism, 251,252,253.255 
pliYHwlngir.il urtivily, 235, 236. 240, 397 
reduction, 238, 239 
AVDrhydroisoandrosterone, 240 
Drhydrolumisterol. 375 
Dt'hydronpoprgosterol. 177, 219. 387 
Dehyilnmorcholene, 167, 168, 352 
7-Dohydrositosterol, 381 
7-Deli vdrostigmnsterol, 381 
2-Demethylglaucine, 43 
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Dephanthanio add, 272, 273 

Deph&nthic add, 272, 273 
Demcetyl digUanide A, 261 
Desoxybilianic add, 140-141,142,143 
Desoxy cholic acid, 123,124,125,126, 306 
3-glu coside, 382 
molecular compounds, 129-132 
old formula, 148 
purification, 131 
Dcsoxycodeine, 344 
(3)-Desoxyprogesterone, 251 
Desmysusasapogenin, 336, 337 
3,5-DiaG6toxycholostanonp-6, 374 
^lO-Dialkyl-^lO-dihydroxy-B.lO-dihydrn- 
1 ^,6-dibenzunthracenofl, 216,385-386 
DJ^Dialkyl^.lMihydraxy-O.lO-dihydro- 
l^AiO-dibenzanfJiracenc, 386 

9,10-Di-n-ainyl-9,10-dihydroxy-9,10-dihy- 
dro-lJZ^.O-dibcnsanthrarcnc, 216,380 
Dianhydrountiarigenin, 419 
Dianhydrobufagin, 314, 315 
Dianhydrodihydrogitoxigenin, 280 
Dianhydrogitoxigcnin, 259, 202, 279, 280- 
281 

Dianhydro-o-isopcriplogonir. ester, 276 
Dianhydrostrophanthidin, 274 
Dianhydrostrophanthidonic ester. 269 
Dibasic lactone acid, C u H a ()„ 327, 332, 
428 

Dibensacridine, 1,2,5,6-, 91 
3,4,5,0-, 91 

bi^ang.-Dibcnzanthraccnca, 93, 94-95 
l^AiO-Dibcnsanthraoenc, carcinogenic ac¬ 
tion, 83, 86-87, 88, 349 
-choleic add. 88 
derivatives, 90. 216, 385-380 

9,10-endo-a^-succinic acid, 88, 352 
preparation, 96-97, 100-101, 355 
purification, 101 

1.2.8.7- Dibenzanthracene, 101 

1.2.7.8- Dibenzanlhracene, 94-95, 97, 103 
2^,6,7-Dibenzanthracene, 89, 105. 
Dibenzanthraquinone, 1,2,5,6-, 90, 95, 96 

UA7-, 96 

1A7A-, M 

3.4.5.6- Dibenzcarbazole, 353 
3,4,5,0-Dibenzphcnanthrene, 89, 97 
9,10,-Dibenzyl-1,2,5,6- dibenzanthracene, 

90 

4.6- Dibromo-A 4 -cholestcnone, 403 
0,lO-Di-n^utyl-9 f lO-dihydj^«y-9,lO-dihy- 

dro-1,2,5,6-cU benzanthracene, 216 
Dioentrine, 39, 40 

3,3-Dichloro-7,12-diketocholanic acid, 138 

10,10-Dichloii>-9-phenanthrone, 11 
9,10 - Dicvdopentyl - 9,10-dihydroxy-9,10- 
dihydro-1,2,5,0-dibenzant hra cene, 386 
Diele-Alder reaction, H 18,10, 60, 101, 
109-110, 173-174, 175, 177, 179, 180, 
185, 845, 355-356, 372, 374, 388 


Diels hydrocarbon, 150-166, 371 
isolation, 150, 183, 288, 313, 328, 428, 
429 

nitroeo derivative, 160, 165 
synthesis, 163-165 
tribromo derivative, 165 
Diene synthesis, 109-110, 355-356, 388 
Diethylamiaomethyl-O^henandiiyl c&n 
bmol, 46, 47 
Digilonidase, 260, 261 
Digilanide, A, 259,260,261 

B, 259, 260 

C, 259, 260 
Digitaligenin. 259,262 
Digitalin, 259, 262 
Digitalis, 257 

Digitalose, 259, 261, 408, 414 
Digitio add, 335 

Digitogcnic acid, 325, 328-329, 333, 335, 
426 

Digitogenin, 323, 324, 325, 326, 328, 329, 
425-426 

Digitoic acid, 325,335 
Digitonides, 118-120, 249, 285, 322-323, 
376, 394, 428 

Digitonin, 257, 321-323. 324 
molecular compounds, see digitonides 
Digitoxandiacid, 289 
7-Digitoxanoldiacid, 279, 280, 289 
Digitoxigcnin, 259, 276, 290, 413 
Digitoxin, 259, 260, 261,300 
physiological activity, 415 
Digitoxose, 259, 261 

Digoxigcnin, 259, 283, 400-410, 411, 413 
Digoxigeninic acid, 283 
Digoxigenone, 283 
Digoxin, 259, 200, 300, 411-412 
Dihydroanthranol, 107, 108 
DihydrocholrHtcroI, analysis, 427 
configuration, 114,156 
digitonide, 119 
epimerization, 115 
occurrence, 113, 122 
oxidation, 141, 226-227 
preparation, 114,115,116 
properties, 113, 392 

Dihydrocholcstcryl acetate, oxidation, 
170, 226-227 
Dihydrocodeine, 37 
Dihydrocymarin, 301 
Dihydr odesoxym orphine-D, 46-47 
O.lO-Dihydro-l^^^dibensanthraoene, 90 
Dihydfedigoxiieaone, 283 
Dihydrooquilenin, 215, 383 
Dihydroequilin, 215 
a-Dihydroergosterol, 372, 373 
22-Dihydroergosterol, absorption spec¬ 
trum, 374 

irradiation product, 377, 380 
preparation, ISO 
o-Dihydrefiinosterol, 365 
Dihydrogitoxigenin, 277, 278, 279, 280 
P-, 279, 280 
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Dihydrogitoxipeninio acid, 279 
Dihydrofevopmiaric add, 346 
Dihydromctnylchokntbrene, 315 

3.4 - Dihyditmaphthalene-l^-dicarbozjiie 

acid anhydride, 110 

3.4- Dihydro- 1-naphoic esters, 355 

substituted, 356 

Dihydro-oestnme, see oestr&diol 
Dihydro-ouabain, 301 
OflO-Ihhydropfe&nanihrcne, 9, 12-13, 343 

3.4- Dihydrophenanthrene - l^di carboxy¬ 

lic acid anhydride, 221 
Dihydro-rf-pimario add, 67, 68 
Dihydroprogesterone, 251 
Dihydroretenc, 344 
DihydrositosterolB, 112 
22-Dihydmiigmort rrol, 357-358 
Dihydrostrophanthidin, 264-265 
Dibydrostrophanthidinic add, 264, 265 
Dihydrotachysterol, 184 
Dihydrothebamonr, 37 
Dihydrotrianhydroatrophanthidin, 413 
Dihydrovitamm D a , 184, 375 
-maleic anhydride, 185, 1R6, 377 
Dihydroxyabietic acid, 59 

3.4- Dihydroxyaporphine, Bee apomorphine 
Dihydroxycholndienic add, a-, 369 

P- 308 

3.12- Dihydroxy-A T -cho]cnic acid, 132, 282, 
368 

6.12- Di hvdroxyrhrysrn r. 21 

7,8-Dihydroxy-7,8-di- (a-na ph l hy 1) -n rona- 
phthene, 386 

4,4'-Dihvdroxydiphenyl, 387 

4.4 VDihydroxy diphenyl methane, 387 

3.7- Dihydroxy-12-ketorholanic acid, 138 

6.7- Dihydroxy-l .2,3,4.9,10,11,12-oct ahydro- 

1 >hennn1hirne-ll ,12-dicarhoxylir an- 
lydride, 387 

3,6-Dihydroxyphcnanthrrne. 47 

3.4-Dihvilroxyphenunthrem'quinone, spr 
morpholquinone 
Diketocholanic acid, 3,7-, 139 

3,12-, Mr dehydrodefloxyuholir acid 

7,12-, 137 

1%Dikrl o-U-ryclopentenophenau- 
threne, 343, 388 

r^-Diketo-3,4 - rycloi^ntophenanthrone, 
343 

6.12-Diketohexahydrochrysenc, 21, 22 
Dimedon derivative, 377 
3>-Dimetho^y-2 l 6-diethoxyphenanthrenc, 
40, 41 

0- (1,5-Dim ethoxy-4-naphl h oy 1) -propi oni c 
acid, 347 

5,9 - Dimethoxyphcnanthrenc - 1,2 - dirar- 
boxylic anhydride, 388 

5,9-Dimethoxyphpiianthrindanedionp, 388 

2,3-Dimethyl-6,7-aoechryBcnc, 355 
Dimethyl-1 ,2-benzanthra cene, 2',6-, 89 


Dinmthyl-l^benjianthraeene, 3,7-, 89 

5.6- 1 88, 89 

5,10-, 350,353-354 

5.6- Dimethyl-l^S-bensanthraquinoiie, 86 
16^0-Dimethylcholanthrene, 107, 349-350, 

351 

2.3- Dimethylchrysenc, 355 

9.10 - Dimethyl-9,10-dihydroxy-9,10-dihy- 
dro-l^ 1 g i §-dibensanthraeene J 216 

2,2'-Dirarthyldiphenyl, 357 
89-Dimrthylenc-1^2-Dcn2anthracQnc, 351 

4.3- Dimethylene- 1,2,5,6-dibenzanthra- 
cene, 90 

1 J2-Dimcthyl-7-methoxyphenanthrene^09 
Dimethylmoiphol, 28-29 
-9-carboxylic acid, 28 

1.6- DimctbylnaphthaLene, 93 
Jhmethylphenanthrene.l^-, 168-169, 207- 

208 

1.7- , see pimanthrene 
19- 348 

l>Dimethyl-7-phenanthrol, 207-208 
38-Diinethylpioenc, 423 
2,3,8.0-Di-( l\2'-naphtho) -chrysene ,104-105 
f)i- (a-naphthyl) -carbinol. 387 
a.a'-Dinaphthyl ketone, 103 

2.7- Dinitroanthraquinone, 19 
Diphenie acid, 1-2, 14 
Diphenyl, 1 

-2-aoetic acid, 356 
-4-carboxylic acid, 57, 58 
-n.o'-dialdehyde, 6 
4,4'-dihydroxy-, 387 

9,10-Diphcnyl-9,10-dihydroxy - 9,10 - dihy¬ 
dro-1 ^-benzanthracene, 386 
9 .lO-Di-i-propyl-fl.lO-dihydroxy-fljlO-dihy- 
dro-l^S^ibcnzanthraccne, 386 * 

9.10 - I)i - n - propyl-9,10-dihydroxy - 9,10- 
dihydro-l^jSjO-dibpnzanlhracene, 216, 
385, 386 

Disinomenine, 38 
Divcrsine, 38 

Dodecahydrocholanthrene, 352 
^M)odecahydrophenanthrone-0, 356 
Dodccahydrotriphenylene, 17 
Dcimesticine, 43 
Drug addiction, 45-48, 343-344 
Duodcphanthondiucid, 271, 272 v 273 

ErhinocyBtic acid, 319, 320 
Elbe reaction, 99-108, 354-355 
Elcmolic acid, 319 
Emicprmarin, 408 

Empirical formulas, from analysis, 426- 
427 

EpieU ocholcstcrcd, 282, 361, 362 
Epiallopre^n anol-3-one-20, 404 
Ep? cholesterol, 362-363 
2?picoprosterol, 116, 228 
IfiMilydrocholesterol, 114, 115, 116, 119, 
228 

2?ptdihydrocinchol, 231 
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S-Epihydroxyoetioatfocholanone-tf, 228, 
see andrasterone 

3-EpAydroxyactiocholauonc-17, 228, 229 
3-Ep?hydroxy coprostan on r-24, 369 
Epimeric form, 34,114,119 
.Ipiltostunol, 231 
Epmtip. luistannl, 231 
Epithelioma, 86 
Eaudenin, 201-202, 211, 212 
aihyrtro-, 383 
origin, 262, 254 
reduction, 215 
Equilin, 201-202 
dehydrogenation, 212-213 
origin, 252,254 
reduction, 215 
Equol, 205 

Ergqpmucol, 176, 387 
Ergostodionr-3,6, 172, 173 
Ergostane, 172 
ErgosUtctmrne, 381 
Ergostatricne, 371 
Ergohtoncdiols, 176 
Ergo9trnrtriol-I, 174-175 
-II, 172, 174-175 
Ergostenols, 371-373 
Ergoe>tcrol, 112, 113, 118, 171-174 
absorption spectrum. 173, 371, 371 
configuration, 119, 172, 229 
conversion to ochtrono, 219, 387 
dehydrogenation, 1A3 
22-dihydro-. ISO, 372, 371, 380 
irradiation, 178-186 
isomers, 373-374 


occurrence, 303, 380 
oestrogenic artion, 217 
" oxidation, 183 
oxide, 172 
peroxide, 174-175 
Ergosterol-B, 374 
-Bi, 374 
-B„ 374 
-D, 373-374 

6-Ethoxy-cholestadieue-l,G-onc-3, 403 
Ethvl abietate, 62 
17-Ethylactiocnolane, we pregnane 
1 - Ethyl -7-ifiopropylphcnanthrcne, see 

methylretene 

l-Ethyl-7-mcthylphcnanthrcnc, sec melh- 
ylpimanthrenc 
17-Ethyl test osier on r, 395 


Fat metabolism, 405 

Female hormones, 187, wc also oestmdiol, 
ocstrone, and progesterone 
biological investigation, 190-192,193 
clinical uses, 215 

isolation, 193-195, 196-199, 214, 383, 385 
Fichtelitc. 53, 69-70, 427 
Fluoranthene. 91,107 
Fluorenone, 15, 55 
-1-carboxylic acid, 107 
dicarboxylic acid. 55, 57 


Follicular hormone, 196, see ocstrone 
a- 196 

0-, 195, 382-383 
hydrate, see ocstriol 
Folliculin, 196, see ocstrone 
Fossil resins, 49, 69 

Friedel and Crafts reaction, 8-10, 14, 71, 
73, 74, 75, 93-94, 98, 99, 100, 102, 105, 
340, 343, 347 
Friodclin, 424 
Frirnlmun test, 190 
Fucostanol, 365 
Fucoslcrol, 113,119,122 

Galactose. 324 
Galipot, 50, 52 

tramabufogenm, 305, 311-312, 421 
Gamubufotnlin, see gamabufogenin 
Gumabufotoxin, 305, 311 
Genetic relationships, alkaloids, 43-45 
bile acids, 127-129 
heart poisons, 316 
■sex hormones, 251-255, 404 
sterols, 120-123 

Genius, sec cardiac nglyroncs, bufogins 
Girard's reagent, 197-198, 201, 230, 383- 
384 404 406 

Gilngenir arid. 326-327, 328-329, 425 
oxidation, 332-333 

Gitogenin, 323, 324, 325, 326, 328, 329, 
425, 427 

Gitonin, 258, 321-322, 324 
Gitoxigcnin, 259. 262, 263, 276-282, 290 
Gitoxigenone, 278 
Gitoxin, 259, 260, 300 
Glaucinc, 39-40 

Glucose, 258, 259, 260, 310, 324 
Glucuronic acid, 191, 319 
Glycochnlic arid, 124 
Glyrodc^oxyrholir arid, 125, 368 
Glyryrrlictic arid, 319 
Gonadotropic hormones, 188, 189-190 
Gypsogenin, 319, 423 

Ilntrher method, 299 
Haworth’s synthesis, xrc succinic anhy¬ 
dride synthesis 
Heart poisons, 256 
plant, 256-302, 408419 
toad, 256, 302-316, 419422 
Hederagenin, 319, 320, 423 
Hederin, 319 
Hcmolvhis, 322 

Hi^tiiarptylanhydronuabuin, 292 
Heptaacetyldesoxydihydroouabain, 293 
Ileptacosnne, 205 
Heterografts, 87 

5,6,11,12,13,14-HexohydrochryBenes, 21-22 
Heialydrodianhydrogitoxigeiin, 279 
Hexahydromelhylrholanthppne, 352 
5,8,0,10,13,1441 exHhydrophpnuuthrene-13- 
rarboxylir acid, 355 
1,2,3,6,7,8-Hexahydropyreno, 17, 90 
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Hoabydroaoiilaren A, 298 
Hexose. 250 

Hippulin, 201-202, 252, 254 
Homoretene, see methylretene 
Hydrindenes, 79, 150, 370 
Hydrebufotalin, 307 

Hydrocarbon, CnH la , from anhydro- 
u&trigcnm, 288 

CaHu, from cholic acid, 158, 370 
CnJOL, from cpiallocholeslcrid, 282, 362 
Hydrofluorenes, 70 

Hydrogenation, analytical, 182-183, 374 
biological, 122, 123, 127-128, 240, 253, 
255 

halogen compounds, 30, 200 
hydrogen donors, 185-186, 213 
phenonthrcnc, 12-13, 343 
resin acids, 50, 67 

resistance to, 132, 176, 265, 274, 201. 

368, 372, 385, 411, 414, 410 
ring cleavage, 266, 272, 270-280, 205-206, 
307-308, 314 

with selenium, 150, 185-186 
stereochemical course, 115-117, 134 
Ilydronhenan thrones, 12-13, 71 
3 - Hydroxy - 7 - acctoxy-12-kclocholanic 
acid, 138, 130 

3-Hydroxyuelioatftjrholanic acid, 231 
3-Hydroxyactioatfoeliolanonf-17, 227, 228, 
ace isoandrosternne 

A # -3-Hydroxyae tiou/forhulenone -17, xr r 
dchydroisoandrtalrronc 
3-Hydroxy-A D -aetiobilianic acid. 304 

3- Hydroxyaetiocholunono-l7, 288 
Hyuroxyatforholanir acid, 3-, 156-157, 

170, 231, 370 

6-, 366 

4- Hydroxybenzpyrenc, 98-00 
3-HydroxybibnoraHocholanic acid, 248, 

249 

3-Hydroxybisnorcholcnic acid, 170, 247, 

248, 394 

7-Hydroxychnlunic acid, 138, 13D, 366 
Hydroxycholanii' acids, 137-139, 365-366 
3-Hyriimy-A’ , -ch(>lcnic arid, 370, 303 
7-Hydroxycholrfdonc, 371 
Hydroxycholcst-erol, 7(a)-, 180, 381 
vo).; 38i 

3*Ifydroxy-7,12-dikctocho]anic acid, 138 
HydroxyfluorpDC carboxylic acid, 15 
3-Hydroxy-6-kctoe//ocholanic acid, 127 
3-Bydroxy-6-ketncholanic acid, 156 

3- Hyd rnxy-12-ketrxh ohmic acid, 127 
Hydroxy ketone, m.p. 194° (see a/topreg- 

nano]-3-onr-20), 242, 243, 245, 248- 

249, 402 

Hydroxy -1 - koto-1,2,3,4-UMnihydrophpn- 
anthrene, 7-, 221-222 

8- , 388 

9- , 388 

7-Hydroxy-7-metliylcholeflterol, 380 

4- Hydroxy - 5,6 - methylencdioxyapor- 

phine, see pukateine. 


3-IIydroxynoFaUocholanic acid, 231 
I-Eydfoxyphenanthrenequinone, 6 
1 - H y d r o xy4,2,3,4-tctrohydroph6nan- 
threne, 886 

Hydoeeoxycholic acid, 125-126,155,156 
Hypophysectomy, 180 

Indanes, 78 

Indme-l f 2-dicarbaxylic acid, 220 
Indenes, 79, 220 
1-lodoarenaphlhene, 108 
lonones, 78 
Isoagathic acid, 68-00 
Isoa/folithobilianic acid, 156 
Isoalfopregnonedione, 249 
IflOfl?ioprcgnano]-3-one-20, 240 
Isaandrosterone, 227, 228, 229 
Isobilianic acid, 143 
I*obufocholanic acid, 127, 308 
‘‘IsocholestiTol,” 358 
Iso codeine, 34 
Isocorydine, 42, 43 
Isodesoxybilianic acid, 140, 141, 143 
Isodigitoxigenic acid, 276, 279, 280 
Isodigitoxigenin, 276 
Iflodigoxigcnin, 283 
IsoRitoxigcnic acid, 279.280 
Isogitoxigenin, 277 
Ihogitoxi^cninic acid, 277 
lboUlhobilianic acid, 143, 156 
‘‘Isolithobilianic” acid, 151 
Isonierizu Lion, anhydrogamabufogenin, 

305 

bile acids, 132,155 

cardiac aglycones, 266, 267, 270, 277, 
278-279, 279-280, 283, 284, 291, 410, 
416 

digitogenic acid, 325 
hormones, 249, 404 
a-mcthylmorphimelhinc, 26 
resin acids, 49-50, 51. 52, 68. 345 
sterols, 116. 119. 134, 174, 175, 179, 181, 
371-374 

Isonoragathie acid, 69 
Isoouabain, 291,294 
a-Isoperiplogcnic acid, 275, 276 
I^oprene rule, 50, 66, 67, 68, 320 
Isopropyl-1.2-ben zanthracenc, 3-, 89 

6- , 89, 94 

7- , 80, 94 

10-, 89, 351 

1-Isopropylnuphthalene, 93 
7-IsopropyH-naphlhyl methyl ether, 347 
Isopyrovitnmin, 181, 182 
Isosarmentogenin, 410 
Lwcill&ridinic ncid, 297 
a-Isostrophanlhic acid, 267 
a-Isosfrophanthidic acid. 267, 275,276 
a-Isostrophnnthidindiacid, 268 
a-Isostrophanthidinic acid, 268 
Isostrophiinthin, 266-267 
Isolhevrtin, 414 
Isouzarin, 284 
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Kauri copal, 49, 08 
3-KetobisnoraZZocholanic acid, 250 
3-Ketobisnorcholanic arid, 250 
3-Keto-4-bromocholanic acid, 403 
3-Ketorholanic acid, 403 
12-Ketocholanic acid, 138 
degradation, 153 
pyrolysis, 1G7, 168 

3-Keto-A 4 -cholenic ncid, 255, 370, 403 

7-Kotocholcstcryl chloride, 363 
Ketodccahydrochrysenes, 389 
3' - Keto - 3,4 - dihydrn-l,2-cyoloponteno - 
phenanlhrene, 388 
7-KctOfpicholrsterol, 363 
1 - Koto- 1,23,4,9,10-hcxahydrophcnan- 
throne, 388 

Ketohydroxyopfitrin, 196, sec ocatronc 
Ketone reagents, 107-198, 201, 230, 383- 
384, 404, 406 

1 - Keto - 1,2,3,4,5,6,7,8 - ocluhydrnunthru- 
cene, 210-217, 386 
6-Ketotestosteroue, 307 
4'-Kcto - l f 3'3'i4 f - telruhydrobonzpyroue, 
08 

Keto-l,2,3,4-totruhydroph('nnnt hren e, 1 -, 
11, 72. 216, 222 
4r, 72, 216 

Lactone ring of heart poisons, 265-268. 

296, 301, 300-310, 408-400 
Lagodesoxycholic acid, n- p 367 
fi 367 

Lanostcrol, 113, 358, 424 
Laudanine, 43 
Laudanosine, 43, 44-45 
Laurdine, 42 
Laurepukine, 42-43 
Laurotetanine, 41-42, 43 
Lecithin, 123 
Legal test, 265-266 

Levopimarir acid, 50, 51, 68, 186, 344-347 
Liebermann or Liebermunn-Burchard re¬ 
action, 50, 117, 233, 306, 311, 360 
Lifschiita reaction, 117 
Lithobilionic acid, 143, 150, 155-156 
Lithocholic arid, 123, 124, 126 
configuration, 220 
degradation, 154-155 
dehydration, 124, 366 
isolation, 125, 367 
preparation, 138, 130 
preparation from cholesterol, 370 
Loewe and Moore test, 224 
Lumibtanol, 376 

Lumisterol, 170, 181, 182, 183, 184, 186, 
375-376 

Luteosterone, 244, see progesterone 

C, 243 

D, 243 

Male hormones, 188, 224-240,304, see also 
androsterone, testosterone 
bio-assay, 236-237, 304, 386-307 


Male hormones, biological investigation, 
102-103 

Manganese resinate, 52 
Manila copal, 68 
Marinobuiagin, see bufagin 
Marrian crystals, 201, see oestriol 
Menfnrmon, 196, see oestrone 
Metastasis, 85 

/9-m-Methoxybenioylpropionic add, 222, 
389 

McthoxyrvrlopentcnophenanLhrene, 7-, 
210, 219 

8- , 389 

9- . 389 

0-Methoxy-133,6-dibcnsanthracene l 00 
7-Mothoxy-3,4-dihydro-l-naph1hoic acid, 
356 

7-Methoxy-3,3'-dimethyl-l, 2 - cydopente- 
nophenanthrene, 211, 212 
3 - Melhoxyhexahydraphenanthrene -13- 
rurboxylir arid, 356 

7-Met hoxy-l-ket o-l 2 2 ,4,9,10-hexahydro- 
phenan throne, 223, 390 
7 - M cl hoxy-l-knto-2-m ethyl -1^3,4,9,10- 
hexahydrophenanthrenc, 300 
7-Met hoxy-l-ketowtahydrophenanthrene, 
300 

7 - Mcthoxy-3'-methyI-13-cydopentench 
phenanthrene, 211-212 
3-Methoxy-5,6-methylenedioxyaporphine, 
see laureline 

P- (2-M ethoxy-l-met hy 1-6-napthoyl) -pro- 
iiionic arid, 347 

Motnoxy-l-mothylphrnanthrenp, 2-, 347 

7-, 347 

7-3-Methoxy-4-methylphenylkutyric arid, 
388 

7-(C-Methoxy-l-naphthyl)-butyric add, 
388 

7-(6-Mothoxy-l-naphthyl)-ethyl alcohol, 
388 

D-Mcthoxyphenanthrenc, 341 
Mcthoxyphritanthrone -13 - (li carboxylic 
anhydride, 7-, 388 

9-, 388 

7-in-Mrthoxyphenylbutyric add, 222, 389 
9-Mrthoxyretrnc, 347 

6- Methoxy-l-totralonc, 388 
M6-Methoxy-l-tetralyl)-ethyl alcohol, 

388 

d-7-Mot hoxythebainone, see sinomenine 

7- Mplhoxy-l-vinylnaphthalone, 387 
n-Methylandrostanediol-S.lT, 235 
17-Methylandrostane-3-ol-17. 240 
Methyl-i 3-benxanthracene3-, 89 

9- , 89 

3\ 89 

4- , 89 

5- , 88, 350, 354 

6 - , 88 

7-, 89 

10- , 350, 351, 354 
o-Methylbensophenoncs, 100 
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24tf ethyl-3,4-beniphenanthrene, 857 
3*(or 3')-MethyH t 2-benipyrene I 00 
7-Methyl-4-bromohydrindDiie-l, 106, 107 
Methylcholanthrene, from bile acids, B5- 
86,167-168 

carcinogenic action. 87, 88, 02, 349 
-choleic acid, 131, 352 
dihydro-, 355 
oxidation, 86 

synthesis, 105-106, 354-355 
Methyl -1£ - cydopentenophenanthrene, 

T-, 160 

S'-, 160 

3-, see Diels hydrocarbon 
Metbyl-l^AO-dibensanthracene, 2'-, 00 
S'-, 90 

Methyldihydrophenanthrenes, 72 
7 - Methyl - 8,0 - dim ethylene-1,2-bens an¬ 
thracene, 351 

7-Methylcnecholestcrol, 381 
r^-Methylene -1,2,5,6 -dibens&nthracene, 
00, 106, 350 

Methylenedioxydihydro^yaporphine, sec 
lauropukine 

Methylisohexyl ketone, 136,328 

l-Methyl-7-isopropylphemmthrene, see 
retene 

N-Methyllaurotctanine, 43 
Methylmorphenol, 27 
Melhylmorphimethine, a-, 26-27, 282, 203 
0-, 26-27, 36-37 
Methylmorphol, 26, 20 
Mcthylnaphthalene, a-, 73, 03 
P-, 74,94 

5-Methyl-2',l-nnphtho-l^-fluorene, 370 

l-Methyl-3-naphthoic acid, 70 
Melhylnaphthylamine sulfonic acid, 73 
Methylphenanthrene, 1-, 72 

2- , 73 

3- , 73 

4- , 72, 80 
0-, 30-31. 38 

1- Methyl-3-phenanthroic acid, 80 
Methylpimanthrene, 66, 75 
Methylreductimc acid, 419 

2- Methylpyrene, 162 
Methylreteno, 62, 64. 65, 75 
17-MethyltestoRterone, 240, 394-395, 404 

4-Methyl-l,2,3 l 4-tetrahydronaphthalene- 

1- carboxylic add, 65, 80 
4-Methyl-l^,4-1«trahydronaphthalene- 

2- carboxyhc add, 65, 79 
Microhydrogenation, 183, 374 
Mimusopseap ogenin, 319 

Monobasic add, C^HoO, (from tigo- 
genin), 330, 333 
Morphenol, 27-28 
Morphine, 24-37, 343^344 
Morphol, 27, 28, 29 
deavage, 25-28 
-quinone, 27 


Naphthacene, 18,20,91 

1.2- Naphthalene diwboiylie add an¬ 

hydride, 94, 353 

1.2- Naphthalie anhydride, see 1,2-naph¬ 
thalene dicarboxylic add anhydride 

0-Naphthoylhydrindenes, 106 
0- (1-Naphthoyl)-propionic add, 71 
P- (2-Naphmoyl) -propionic add, 71 
0-Naphthylacelic acid, 97-08 
0-Naphthylamine, 353 
7- (1-Naphthyl) -butyric add, 71, 72 
7-(2-NaphthyI)%atyric acid, 71,72 
1-0-N aphthylhydrindene, 109 
0-Naphthyl methyl ether, 209, 347 
0-Naphthylmethyl ketone, 98 
o-Naphthyl paraconic add, 11 
Narcotine ,43 

Natelson-Gottfricd synthesis, 301 
Neoergoetcrol, 176-177, 217, 387 
Neopine, 37 

Nitration, nhe nupth ranff . g 
Nitrobensene, solvent, 9, 74, 340, 347 
Nitropapavcrine, 40 
Nitrophenanthrene, 2-, 8 

3- , 8 

4- , 8 
9 -, 8 

Nor-acid, definition, 66 
Norotfocholanic add, 171,172, 289 
Noraporphine, 41 
Norcholanie acid, 146 
Nor-ffi-hemipinio add, 40 
Norlithocholic add, 231 
Normal series, 114 

Norsolannelic add, see biloidanic add 
Norsterol, 374 
Nutriacholic add, 126 


1 -Octahydrophenanthrene, 

12,13 

1,2,3,4,9,10,11,12- (os) -Octahydrophenan- 
thrane. 13. 76, 77. 78, 00, 348 
o^Octahyarophenanthrone-0, 356 
Octahydrotnanhydroperiplogenin,284-285 
Octanthrene, see s - octahydrophenan- 
th ron e 

Oestradiol, 188 

dehydration of methyl ether, 211-212 
isolation, 214, 385 
monobenzoatc, 214, 383 
origin, metabolism, 252, 253-254 
preparation, 213, 385 
Ocstrancdiol-3,17, 385 
Oestriasterol, 365 

Oestrin, 188, 180, 196,199-200, 352, 384 
Oestriol. 200-201 
alkali fudon 207 
degradation products, 215, 385 
glucuronide, 382 
occurrence, 109, 200, 381 


origin, 252, 254 
triacetate, 201 
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Oestrogenic hormones, 193-194 
bio-assay, 191-192 
and cancer, 217-218, 352 
colorimetric determination. 382 
origin, 252-254, 405 
synthetic approach, 219-224, 387-391 
use in therapy, 215 

Oestrogenic substances, synthetic, 215- 
217, 385-387 
bio-assay, 387 
use in therapy, 215 
Oestrone, IBS 
benzoate, 214, 21B 
bio-assay, 191-192 
and cancer, 218 
estimation, 194-195 
esters, 382 

hydrogenution, 226, 384-385, 391-392 
isolation, 193, 194, 107-198, 199, 383 
origin and metabolism, 252, 253-254 
preparation from ergostrral, 219, 387 
properties, 195 
sources, 192, 193, 196-199 
structure, 205-212, 387 
X-ray analysis, 206, 384 
Oestrus, 188 
Oleandrin, 259, 262 
Oleanolic acid, 319, 320, 321, 423 
Oleoresin, acids, 49-50, 51 
primary constituents, 68, 344-347 
Onocerin, 358-359, 424 
Opium alkaloids, 44 
Ouabagenin, 259,261 
Ouabaic acid, 291 

Ouabain, 259, 261, 290-295, 300, 413-414 
Oxidation (see dehydrogenation) 
anhydrodihydro^trophanthidin, 285-2K6, 
412 

aromatic hydrocarbons, 3, 14-15, 17, 18, 
54, 86, 107 

aromatixation, 60, 172, 183, 274, 291- 
295 39 Q 

biological, 44, 251-253, 255, 316 
influence of conflfpiration, 141, 336 
perbenxoic Acid titration, 59, 183, 346, 
375, 412, 414 

phenolic compounds, 6, 38 
photochemical, 174, 175, 176 
-reduction potentials, 340 
selenium dioxide, 365-366 
sterol side chain, 136-137,146, 154, 170- 
171, 227-228, 230, 231, 234, 246 
tertiarily bound hydrogen, 56, 335 
Oxindole, 31 

Oxodigitogenic acid, 325-326, 335, 426 
Oxydigitogenic acid, see oxodigitogenic 
acid 

Pnlmitio acid, 304, 396 
Panaxsapogenin, 319 
Papaverine, 40, 43 
Papilloma, 86 

Parigenin, 324, see sarsasapogenin 


PArillin, 324 
Pentaoosane, 205 

Perbcnzoic acid titration, 69, 183, 346, 
376, 414 

Pcriiydrodehydrolumistcrol, 376 
Perhydropyrocalciferol, 376 
Periplocin, 269 

Periplogcnin, 259, 263, 275-276, 290, 413 
Perlman-Davidson-Bogert synthesis, 22, 
77-80, 108, 161, 164, 167, 210, 348, 370 
Perrier method, 9 
Peiylene, 16,18 
-3,10-quinone, 18 
Phenantnraldehydc, 1-, 340, 342 

2-, 10-11 

3-, 10-11 
9-, 10-11, 340 
Phenanthraphenaidne, 15 
Phenanthrenc, 1-15 
bond structure, 2-3 
bromine addition, 6-7, 339-340 
derivatives, 10-13, 344 
oxidation, 14-15 
substitutions, 7-10, 340 
synthesis, 76-77, 110, 355-357 
Phenanthrcne alkaloids, 24-28 
Phenanthrene dibromide, 6-7, 339-340 
PhenAnthrrnc-l,2-dirarboxYlir anhydride. 
221 

derivatives, 388 

Phenanthrene-disulfonic aeidn, 8 
-1-sulfonic acid, 8 
-2-sulfonic acid, 8 
-3-sulfonic acid, 8 
-9-sulfnnic acid, 8 
Phenanthrenequinonc, 11, 14-15 
syntheses, 5-6 

l^-Phcnanthrenequinone-4-Hulfonate, 13 

3.4- Phenanthreneauinone-l-sulfonate, 13 
Phcnunlhroir arid. 1-, 10, 342 

2 -, 10 
3-, 10 
9-, 10 

Phenanthrol, 1-. 11 

2- , 3, 11, 14 

3- , 3, 11, 14, 47 

4- , 11-12 

9-, 11, 341-342, 356, 357 
Phenanlhrylaiiiine, 1-, 342 

2- , 342 

3- , 342 
9-, 342 

4.5- Phenanthrylenemetbane, 16, 17 
PhenAnthryl halides, 342-343 
2-Phenylcydohrxonol, 356 
2-PhenyIcyrlnhrxtinonn. 356 

4- (/9-Phonylethy I) -hydrindone-1, 391 

Phrnyltrimethylammonium hydroxide, 25 

P-Phocaecholic acid, 126 

Phthalic anhydride synthesis, 93-96 

Physostigmine, 304 

Phyl osterols, 112,120,121,169-186 

Phyto^ynthesis of alkaloids, 40, 43-45 
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Picene, 16» IB, 158,159 
homdlogueH from s&pogenins, 319, 423, 
424 

synthesis, 22 
Picrates, 5,102 
Pimantfcreno, 66, 67, 69 
-quinone, 75 
qyntheds. 75 

Pimario acid, d-, 52-53, 66-67, 344, 345 
f-, 50, 51, 68. 186, 344-346 
Pinabietic acid, 51 
Pinic add, 50 
Purphynxmo, 38 
Precision combustion, 427 
Pregnancy, diagnosis, 100 
Pregnane, 203, 204 
Pregnanediol, 202-205 
origin, 253,254 

relation to progesterone, 245, 247-248 
Pregnanedione, 203 
activity, 250-251 
bromination, 249 

conversion to progesterone, 247-248 
Prcgnanol-20-one-3, 248 
A fl -Pregncnedione-3^0, sec progesterone 
A B -PregiienLMjicme-3^0, 404 
A B -Pn'fpenol-3-one-20, 246, 247, 394 
rdle in metabolism, 251, 252, 253 
Pro-abiotic acid, 345, 347 
Proraine, 45 
Progesterone, 188 

activity of derivatives, 250-251, 403- 
404 

bio-assay, 193, 241-242 
function, 240-242 
isolation, 244-245, 402 
origin and metabolism. 251-253 
polymorphism, 243, 402 
properties, 245 
structure, 245-250 
Progesterone, a-, 244 
P-, 244, 383 
Progestin, 188-189, 244 
Progynon, 196 
Progynon B oleosum, 214 
Prolan, 190 

Prosolonnelic add, 142, 143, 147 
Provitamin I), 178, 378, 380 
PschoTT synthesis, 28-31, 32, 33, 39, 40, 41, 
70, 90-98, 343 
Pscudobufotalin, 313-314 
Pseudocholestane, see coprostane 
Pseudocholestene, 134 
Pseudocodeine, 35 
Pseudostrophanthidin, 270 
Pukntoine, 42 

Pyrene, 16, 17-18. 91. 98, 343 
purification, 20 
-quinone, 17 

Pyndazine derivatives, 157, 158, 171,173 
Pyroabietic acids, 51 
Pyrocalriferol, 181, 182, 184, 376 
Pyrocholoidanic acid, 142,145 


Pyrodesozybilianic add, 145-146, 153 
Pyroquinovic add, 368, 424, 
Pyrosolannelic acid, 142 

Querioicobufagin, 316 
Quillaiasapogenin, 319 
Quinovic acid, 368, 424 
Quinovin, 424 

Rat unit of oestrone, 191-192 
Rearrangements (see also isomerization) 
alkyl o-naphthoylbenzoic acids, 104 
ally lie, 35,175, 280, 366 
Beckmann, 11, 342 
benzilic acid, 15, 55, 144 
o-benzoylbenzoic acids, 96 
dehydrogenation, 20, 158-159, 162, 166, 
167 

Elbs reaction, 103, 104 
morphine-apomorphine, 31 
o-naphthoyinaphtnoic adds, 95-96 
oxidation, 172 
ring closure, 156 
0,7-unnitural ed ketones, 359 
Wagner-Meerwein, 65, 211-212, 274-275, 
287, 293, 294, 315 

Walden inversion, 230, 233, 382, 393 
Reduction methods, see hydrogenation 
aluminum isopropylate, 240, 282, 361 
anthroncs, 93, 109 
aroyl acids, 72, 93, 98 
Bouveault, 62 
ronjugatca systems 173 
(irignard, 354, 395 
halides, 11, 40, 134, 336-337 
modified Clemmenscn, 72,137, 347, 389 
ring cleavage, 27, 37 
stannous chloride, 341 
a^-iinsaturated ketones, 361 
Wolff-Kishncr. 65, 138, 363, 423 
Regularobufagin, 316 
Rcsene, 50 
Resin adds, 49-70 
primary, 68. 344-347 
Rotenr, 53-58, 344, 346 
oxidaLion, 64 
syntheses, 74-75, 77 
Retencquinone. 54, 55-56, 343, 347 
9-Retonol, 347 

Hhamnose. 259, 261, 290, 419 
Rickets, 177-178 

Robinson-Rapson synthesis, 222-223, 389 
Robinson-Schlittler synthesis, 223, 389- 
390 

Rosenheim color reart ion, 117, 118, 298, 
359-360 

Rosenmund reaction, 10 
Rosenmund-von Braun rraetion, 354 
Rosin, 49, 52 
isomerization, 50-52 

Salkowski reaction, 117 
i-Sapictic add, 68 
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Sapinic adds, 60, 68 
Sapocholic add, 367-368 
Sapogenins (sterol-like), 323-337, 424-428 
correlations, 328-328 
degradation, 330-331 
cfelydrogenation, 327-328 
aide chain, 331-334 

Sapogenins (triterpenoid), 318-321, 422- 
424 

SAponins, 317-318 
digitalis, 321-323 
tnlerpcnoid, 318-319 
Sapotolcnc, 316, 319, 422 
Sarcoma, 84, 87 

Sannentocymarin, 259, 410. 411, 412 
Sarmentogcnin, 259, 410-411, 413 
S&rmcntose, 259, 261 
SarBasapogcnic acid, 336, 337 
Saraosapogenin, 324, 327, 329, 336-337, 
427-428 

dehydrogenation, 327-328 
Sarsnsapogenone, 428 
Sarsasapogenyl chloride, 336, 337 
a-Scillanic acid, 296 
Scillaren A, 259, 260, 295, 298, 299 
activity, 300, 301 
Scillaridm A, 259, 262, 295-299 
Scillaridinic acid, 297 
Scymnol, 128-129, 335 
Selenium, dehydrogenation, 58, 149, 158, 
358, 391, 424, 428, 429 
hydrogenation, 159, 165-186 
Selenium dioxide, 365, 369, 373 
Senso. 302 

Sex hormones, 187-255 
biogenetic relationships, 251-255 
biological investigation, 190-193 
female, 193-217, 240-251 
gonadotropic, 188, 189-190 
male. 224-240 

relation to cancer, 217-210, 352 
standardization, 196. 383 
synthetic appronrh, 219-224, 387-391 
Siaresinolic acid, 319 
Sinomenine, 37, 343 
Sitosterol, 112, 119, 121, 229, 357-358 
*i- and a r , 358 
P-, 357-358 
T-, 113 

Smilagrnin, 324, 425 
Sodiumrcsinate, 52 
SaJanidirne, 427 
Solanidine, 428-429 
Solanine, 428 
Solannelir and, 142, 147 
Solanocapridinr, 429 
Solanocapsine, 429 
Solanthrene, 428 

Sonn and Muller reaction, 11, 340, 341 
Spiran formation, 162,348, 370 
Squalene, 255 
Squill, 257 
Staden's add, 156 


Stephen synthesis, 841 
Stereochemical influence, androgenic ac¬ 
tivity, 229, 395 
bromination, 249-250, 402 
cardiac activity, 285, 300-301, 411-412, 
415-416 

cydization, 343 

hydrogenation, 115-117,134, 395 
oxidation, 141, 336 

Stereochemical nomenclature, 398-401 
Stereochemistry, cardiac aglycones, 200, 
411, 413, 414-415 
sapogenins, 428 

sterols, bile acids, 113-117, 154. 155-157, 
227, 229, 231, 359, 375-376, 387 
Stcric hindrance, 13-14, 61, 63, 69, 74,137, 
138, 265, 267-268, 283, 287, 343, 353, 
390, 401, 410, 411, 417 
Stcrocholic acid, 128 
Steroids, 359 
Sterols, 111-123, 133-187 
alio- series, 114 
bacteria, 365 
color reactions, 117-118 
dehydrogenation, 158-159, 166, 371 
description. 111-113 
runrtion, 122 
glycosides, 382 

lower animals, 121-122, 364-365 
metabolism, 122-123, 251, 255 
origin, 120-122, 255 
phyto^terols, 169-174 
position of mrthyl groups, 152-154, 371, 
387 

purification, 113,118, 119, 120,178 
side chain, 107-109, 227 
stereochemistry, 113-117, 154, 155-157, 
227, 229, 231, 359, 375-376, 387 
P- type, 114,119 
Rtigmastanedionp-3,6, 171 
Ktjgmastnnol, 365 
Sligmaslerol, 112. 169-171 
configuration, 119, 229 
conversion to hormones, 234, 246-247 
properties, 113, 119 

Strophanthidin, 258, 259, 260, 263-273, 
417 

activity, 300 
configuration, 290, 413 
dehydrogenation. 287-288 
early formulft, 286-287 
Strophanthidinic add, 264, 267-268, 269, 
270, 408 

Strophanthidonic add, 264, 209 
Strophnnthin, 257 
k-, 258, 260, 300 
g-, see oubain 
k-Strophanthin-fl, 258, 259 
Strophanthobiase, 260 
Strophanthus species, 257, 258 
Sfcyryl 430, see 2-(p-aminostyry 1)-6 (p- 
acetylaminobensoylaminol-quinoUne 
metnoacetate 
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Suberylargfcune, 304 v 805 
Substance MB, m towtml 
Substitution reactions! a-methylnaphtha- 
1006,78 

p-methylnaphth&Iene, 74 
phenanthrene, 7-10, 340 
Succinic anhydride synthesis, 71-75,98-09, 
208 

Bumareripolic acid, 319, 320, 423 
Suprasterol 1,181,182,183,180 

ft. 181.182 

Surf 01*0 film measurements, 208, 423, 427 
Syntheses, general methods, aldehyde, 
10-11, 340-341 
Bardhan, 220, 387-388 
Bardhan-Sengupta, 70-77, 108, 109,1BO- 
161, 220 
Chuang, 391 
Darzens, 79-80, 348 
diene, 109-110, 355-356, 388 
Elbs, 99-108, 354-355 
Natelson-Gottfrird, 391 
Perlman-Davidstm-Bogert, 22, 77-79, 
108, 161, 164, 167, 210, 348, 370 
phthnlic anhydride, 93-96 
PschoiT, 28-31, 32, 33, 39, 40, 41, 70, 96- 
OS 343 

Robinson-Rapson, 222-223, 389 
Robinson-Schlittler, 223, 389-390 
succinic anhydride 71-75, 98-99, 208 


Tachysterol, 179.1B1,182, 183-184,186 
Taurocholic acid, 124 
Tkurodiiozycholic acid, 125 
Terpene hydrocarbons, 49 
u-Terpineol, 323 

Tertiary group, definition, 58-59 
Testalolone, 394 

Testicular hormone, fund ion, 224 
isolation, 238, 240 
ace testosterone 
Testosterone, 188, 236-240 
activation by X-Hutatancc, 396-397 
derivatives, 394-396 
isomers, 395 

origin and metabolism, 252, 253-254, 
255 

Tcdriol, 394 

4,4,5,6-Telrabrom ocholest anono-3, 403 
Tetrahydronbietic acid, 59, 62, 63 
Tetrahydroanhydrodesoxyusurigenin, 284, 
286 

Tetrahydroanhydrodigitozigenin, 279 
Tetrahydnianhydrodigitozigenonp, 415 
Tetrahydroanhydrodigozigenone, 409 
Tetrahyrlroanhydro-usarigenins, 284 , 285 
l'ftjf/t -Tetrahydro-l.^-benzpyrene, 90,98 
Tetrahydrohufagin, 314 
Tetmhydrolevopimaric ester, 346 
3- (IM^Tetmfefd'fpljoqufediEoJ-l-hy- 
drozy - 1,2,3,4 - tetrahydrophenan- 
threne, 42 

ae-TetrahydrS-P-naphthol, 323 


d-Tetrahvdropalmitin, 44 
Tetrahydrophenanthrene-l^-dicarbozylic 
/ ie, 387 
0-Tetrafone, 414 
Tctrohydrozyabietic acid, 59 
Tetrahydroxyapoiphine^iSAO-, 89 

3,4,5,6-, 42 

1.2.5.6- Totjaraethylnaphthalenp, 359 
Tetraph enylm ethane, 92, 352 
Thebaine, 24, 25, 29, 37 
Thebainone, 37 

Thebaol, 29 

Theelm, 195, see oestrone 
Theelol, 201, see oestriol 
Thelephoric acid, 22-24 
Thcvetigenin, 414-415 
Thevetin, 300, 414-416 
Thilobilianir acid, 150,151 
Tiglic acid, 310 

Tigogenin, 324, 327, 328-329, 330, 335- 
336, 427 

Tigogenone, 336 
Tigonin, 322, 324, 424 
Toad Poisons, 302-316, 419-422 
basic constituents, 303-304, 419 
cardiotonic constituents, 304-306 
o-Toluyl-a-naphthoic acid, 353 
Toxisterol, 181 
Triacetyl digitogcnin, 325 
Trianhy dr ostr oj has hidin, 274-275, 286, 
287 

Tnbasic acid, CuHmQt, from gitogenio 
Rrid, 332, 333 

C/iHioO|, from gitogenic arid, 332-333 
BCG^H.O,) from digitogenic arid, 333, 
334, 425 

4.5.6- Tnbrnmorholcstanonc, 403 
Trihydroxybufosterocholenio arid. 

CrMM, 128, 366-367 
2.5,4'-Trihydroxy diphenyl, 23-24 
TrihydroxyisoHtprocholpmc acid, 367 
3,4,5-Trihydrozyphenanthrene, 27, 28 
Tnhvdroxysterocholanic arid lactone, 368 
Triketorholanic acid, 3,7,12-, see dehy- 
drocholic acid 
4(7),7,12-, 129 

Trimethoxyphenanthrene - 9 - carboxylic 
acid, 3,4,5-, 29 

3.4.7- , 29 
3,4*8-, 32, 35 

Trimethylaminoacetohydraside hydro¬ 
chloride, see Girard’s reagent 
TrimethylnnphthaJene, 1,2 Jh, 69,423 

1.2.7- , see sapotalene 

1 ^^-Trimethyl-6-n aphthol, 423 

1.2.7- Trimethylnaphthol, 319, see , t,2<5- 
trimethy! ^napthol 

1 ,2,8-Triraethvlphenanthrene, 358 
3,9,10-Trimethylpicene, 422 
Trmitrobenscne complexes, 102-108 
Triphenylbensene, 92, 352, 427 
Triphenylene, 16-17,18, 91 
Tri terpene alcohols, 319, 358-359 
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Triterpenoid sniwgcnins, 318-321, 422-124 
Tachopp test, 229,235 
Itehugajefi reaction, 117 
P-Type configuration, 114,119,120 

Undephanthontriadd dimethyl ester, 271- 
272 

Unocholanic add, 127 
Uraodcwxycholic arid, 126, 366 
Ursolic add, 318, 423 
Umrigenin, 283-290, 413 
Usarin, 250, 261, 284, 285, 300-301, 415 
Uiaron, 257 

Valliccpobufagin, 316 
Veridobufagin, 316 
1-Vinyhuphthalcnc, 388 
17-Vinyltestoeleronp, 395 
Vitamin D, 177-178, 179-180, 181, 186, 
377-381 

absolution spectrum, 178,179, 380 
rolorimeitrir determination, 379 
isolation, 378-380 


Vitamin D t , 179 

Vitamin D,. 179-180,181,182,188,184 
malei c anhydride addition, 185-186 
oestrogenic action, 217 
structure, 184-186, 376-377 
Vitamin D„ 379, 380, 381 

Wagner -Mecrwein rearrangement, 05, 
211-212, 274-275, 293, 294, 315 
Walden inversion, 230, 233, 392-303 
Wolil-Kishner reduction, 05,138 

X-nvv studies, 149-150,104,173,206, 308, 
312, 314, 370, 384, 389, 390, 421, 427 
X-substance, 396 
Xylindein, 24 
Xylose, 324 

Zcrewilinoff test, adrenal cortex sub¬ 
stances, 407, 408 

cardiac aglvroncs, 265, 266, 408, 410, 
417, 418 

toad poisons, 421 
Zymosterol, 112,113 
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